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Abstract 
The astronomical study of molecules has been an essential research field since the develop-
ment of radio astronomy. Presently nearly 120 molecules have been identified in interstellar 
and circumstellar environments. The complexity of molecular species, and particularly or-
ganic molecules, that can be synthesized in the interstellar medium (ISM) leads to one 
interesting and important subfield in interstellar molecular studies, namely, the search and 
study for molecules of possible biological interest. 
Observationally, complex and most saturated molecules are observed exclusively toward 
compact hot, dense regions, often called "hot cores", in molecular clouds. To account for the 
observed amount of saturated organic molecules, interstellar dust particles play an important 
role. It has often been suggested that solid state reactions on grain surfaces provide an 
efficient way to synthesis saturated organic molecules. 
The objective of this study is to obtain observational data on biologically interesting 
molecules and to study important complex interstellar molecules. Since hot molecular 
cores are inherently compact, interferometric observations are therefore an ideal approach to 
study these sources. All our observations were all made with the Berkeley-Illinois-Maryland-
Association (BIMA) Array. 
We conducted the first survey of formic acid (HCOOH) with an interferometric array, and 
identified at least three sources. HCOOH is found with column densities above 1015 cm-2 in 
these sources. The correlation between HCOOH and HCOOCH3 emission implies a surface 
chemistry origin of HCOOH. Details of the results are given in Chapter 2. Meanwhile, we 
continued to search for molecules of biological interest, namely urea, acetic acid, and glycine. 
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In Chapter 3, the results of column density limits set by our observations are discussed. 
We have also investigated properties of individual hot molecular cores. It is very impor-
tant to obtain the physical and chemical properties of these cores in order to understand 
the formation mechanisms for complex organic molecules. Chapter 4 presents the results 
from our Sgr B2 observations of molecules including silicon monoxide (SiO), a main com-
ponent in the refractory core of silicate grain particles, and vinyl cyanide(C2H3CN) and 
ethyl cyanide(C2H5CN), molecules suggested to be formed predominantly through gain sur-
face reactions. The enhanced SiO abundance in Sgr B2(M) and the high column densities 
of C2H3CN and C2H5CN found in Sgr B2(N) indicate a chemical differentiation between 
Sgr B2(N) and Sgr B2(M). It appears that Sgr B2 (N) is at an earlier evolutionary stage 
which results in the low abundance of SiO but high abundances of complex molecules in the 
gas phase. The picture is consistent with the current dust chemistry models. Moreover, it 
is significant that the spatial resolution achieved in our observations corresponds to the size 
of our solar nebula at the distance of the galactic center. 
In Chapter 5, we show that HCOOH appears to exist ubiquitously in dense molecular 
cores in either solid or gas phase. The detected HCOOH sources are good candidate targets 
for future acetic acid and glycine searches. Preliminary results from new 1 mm band obser-
vations toward Sgr B2 and Orion KL are also presented. Future prospects are given at the 
end. 
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Chapter 1 
Overview 
The astronomical study of molecules has been an essential research field since the develop-
ment of radio astronomy. Presently about 120 molecules have been identified in interstellar 
and circumstellar environments, mainly through observations of rotational transitions of 
molecules that lay in the centimeter and (sub)millimeter wavelength regime. As shown in 
Table 1.1, most of the molecules are composed of 2 to 5 atoms but some of the more complex 
ones have up to 13 atoms. 
On one hand, most simple and common interstellar and circumstellar molecules are gener-
ally used as tracers for studying the physical properties of molecular gas such as temperature, 
density, mass or kinematics. For instance, the diatomic molecule carbon monoxide (CO) is 
widely used in the determination of molecular gas mass; symmetric-top molecules, such as 
ammonia (NH3) or methyl cyanide (CH3CN), can be used as a good temperature indicator; 
molecules like hydrogen cyanide (HCN) can be utilized to probe high density regions; and 
lastly, intense molecular masers from hydroxyl (OH), water (H20), and silicon monoxide 
(SiO) can often reveal gas motions to very high precision. On the other hand, the diver-
sity of interstellar molecular species also fascinates scientists. Questions about how the vast 
variety of molecules was formed and how they evolve in the interstellar environment were 
raised. Therefore, the study of formation and destruction mechanisms of molecules is also 
of great interest. 
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Table 1.1: Reported interstellar and circumstellar molecules as of 1999 June. 
2 AlF Al Cl C2 CH CH+ CN 
co co+ CP cs CSi HCl 
H2 KCl NH NO NS NaCl 
OH PN so so+ SiN SiO 
SiS HF 
3 C3 C2H C20 C2S CH2 HCN 
HCO Hco+ Hes+ Hoc+ H20 H2S 
HNC HNO MgCN MgNC NH2 N2H+ 
N20 NaCN ocs S02 c-SiC2 C02 
Hj 
4 c-C3H l-C3H C3N C30 C3S C2H2 
HCCN CH2D+? HCNH+ HNCO HNCS Hoco+ 
H2CO H2CN H2CS H3o+ NH3 SiC3 
5 C5 C4H C4Si l-C3H2 c-C3H2 CH2CN 
CH4 HC3N HC2NC HCOOH H2CHN H2COH+ 
H2C20 H2NCN HNC3 SiH4 
6 C5H C50 C2H4 CH3CN CH3NC CH30H 
CH3SH HC3NH+ HC3HO HCONH2 l-H2C4 C5N 
7 C5H CH2CHCN CH3C2H HC5N HCOCH3 NH2CH3 
c-C2H40 
8 CH3COOH CH3C3N HCOOCH3 C1H H2C6 
9 CH3C4H CH3CH2CN (CH3)20 CH3CH20H HC1N CsH 
10 CH3C5N? (CH3)2CO NH2CH2COOH? 
11 HC9N 
13 HCnN 
c- and 1- denote ring and linear. 
A question mark means that further confirmation is needed. 
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1.1 Complex Molecules and Grain Chemistry 
Observationally, it has been recognized that diffuse or cold dark clouds, which are molec-
ular condensations presumably prior to gravitational collapse, are predominantly found 
with small radical, or unsaturated molecules. For example, carbon chain molecules such 
as cyanopolyynes HC2n+1N are observed in dark clouds. To the contrary, complex and most 
saturated species are observed exclusively toward compact hot, dense regions, often called 
"hot cores", inside giant molecular complexes. These are regions associated with strong dust 
emission and with nearby infrared (IR) sources or H II regions, where star formation activ-
ities are taking place. For example, Miao et al. (1995) detected compact sources of vinyl 
cyanide (C2H3 CN), methyl formate (HCOOCH3 ) and ethyl cyanide (C2H5CN) emission to-
ward Sgr B2(N), a region with strong and anomalous dust emission (Kuan, Mehringer, & 
Snyder 1996). Dickens et al. (1997) conducted a survey for methylenimine (CH
2
NH) and 
only detected it toward warm, dusty cores in star formation regions. 
In order to understand the observed phenomena, sophisticated chemical reaction net-
works are incorporated to model the chemical evolution of molecular clouds. Gas phase 
and grain-surface reactions are the two primary categories of processes considered. In the 
gas phase domain, molecules interact mainly through either neutral-neutral or ion-molecule 
reactions. Due to the energy b;nrier often involved in gas phase reactions, ion-molecule 
reactions dominate over neutral-neutral reactions, particularly at low temperatures. Gas-
phase chemistry has given very satisfactory results in explaining the observed abundances of 
various molecules in diffuse and dark clouds. For example, Herbst & Leung (1989) studied 
molecular abundances in the cold dark cloud TMC-1 with gas-phase models. Calculations 
showed a general agreement with observational data. 
Molecular abundances observed toward warm, dense clouds, however, did not agree very 
well with results from pure gas-phase chemical models. Particularly, observed abundances 
of saturated complex species are often found to be overabundant relative to the predictions 
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of gas-phase models. To account for the overproduction of saturated organic molecules, 
interstellar dust particles play an important role. Molecules in the gas phase are believed to 
accumulate on the surface of interstellar dust grains, forming icy mantles coating around the 
refractory grain cores. Direct evidence for the existence of grain mantles has been provided 
by absorption features in the IR spectra toward dusty regions in molecular clouds. The high 
fractionation of deuterated species such as HDO and DCN observed in hot cores are also 
recognized as a result of cold gas phase species being preserved in grain mantles. It has often 
been suggested that solid state reactions between the "freeze-out" species on grain surfaces 
provide an efficient way to synthesis saturated organic molecules. 
A general picture in the framework of grain surface chemistry includes the following pro-
cesses (Hasegawa & Herbst 1993): (1) accretion. It is natural for molecules to collide with 
grain particles in molecular clouds. Assuming a sticking probability of 0.1to1, the time scale 
for a molecule attaching to the grain particle it collides with is estimated to be 2 x 109 /nH 
yrs. (2) migration. Molecules are believed to be mobile on grain surfaces. Therefore, they 
can migrate or diffuse over the surfaces. (3) reaction. Molecules will react upon encounters 
with each other while grain surface act as a catalytic medium. Energetic input from ultra-
violet (UV) radiation or cosmic rays further increase the likelihood for chemical processing 
of grain surface compounds. (4) evaporation. Finally, both thermal or non-thermal heat-
ing processes are capable of injecting molecules with energies high enough to overcome the 
binding energy, and thus release molecules from grain surfaces back to the gas phase. 
In dense molecular cores with densities above 105 cm-3 , molecules will quickly deplete 
onto grain surfaces within the dynamical time for cloud collapse. Given the high mobility 
and great amount of hydrogen (H) atoms, saturated species can be synthesized on grain 
surfaces through H insertion very efficiently. At a later stage when stars are formed inside 
molecules cores, radiation elevates grain temperatures which results in the evaporation of 
grain mantles. Vast amount of complex and saturated molecules are thereby released into 
the gas phase and drive a drastically rich and different chemistry. This scenario provides 
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a possible explanation for the great amount of highly saturated molecules observed in hot 
molecular cores. 
Grain surface reactions were integrated into theoretical modeling with gas-grain interac-
tions. In addition to species originally in the gas-phase reaction regime, three new categories 
of molecules can be recognized: molecules which are depleted onto grain surfaces and released 
upon desorption without being altered, molecules which are chemically processed on grain 
surfaces and released into the gas phase, and molecules which are produced through gas-
phase reactions driven by various evaporated species in the warm gas. Hasegawa, Herbst, & 
Leung (1992) utilized gas-grain interactions by including surface reactions into their model 
and attained results which explain the molecular abundances in TMC-1 better than pure 
gas-phase models. By incorporating gas-grain interaction calculations and further includ-
ing dynamical processes of cloud collapse to account for temperature and density elevation, 
Caselli, Hasegawa, & Herbst (1993) modeled the Orion KL region and obtained a quali-
tatively better description for complex molecular abundances than the results from pure 
gas-phase models. These theoretical calculations indicate that grain surface reactions indeed 
play a very critical role in the formation of complex organic molecules. 
There are, however, limitations in current grain surface chemistry theories. Quantitative 
descriptions rather than qualitative pictures are still needed. To address this issue, laboratory 
experiments were carried out in order to understand possible surface reactions. Allamandola 
& Sandford (1990) investigated the chemical reactions in dust grain mantles by examining 
laboratory analogs of interstellar ice. By depositing gases onto a substrate and irradiating 
the ice analog with UV light, they demonstrated that photolysis could produce a mixture 
of complex molecules on the grain surface. Greenberg (1997) also showed that photolysis of 
grain mantles simulated from a mixture of H20, C02 , and NH3 can produce complex organic 
compounds such as glycolic acid(HOCH2C02H), urea[(NH2 )2CO], glycine(NH2CH2 COOH), 
glyceramide(HOCH2CH(OH)CONH2], etc. 
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1.2 Biologically Interesting Molecules 
The complexity of molecular species, and particularly organic molecules, that can be syn-
thesized in the interstellar medium certainly leads to one interesting and important subfield 
in interstellar molecular studies, namely, the search and study for molecules of possible 
biological interest. 
This appealing topic ties directly to the great puzzle regarding the origin of life on the 
Earth. Scientists have considered that simple biotic compounds like amino acids, the building 
blocks of protein, were first synthesized, and then started self-replication. These compounds 
gradually evolved into life. However, it is not clear how these building blocks formed in 
the first place. In the early 50's, Miller and Urey conducted a pioneering experiment to 
investigate the formation of prebiotic molecules (Miller 1953). An atmosphere on the early 
Earth was imitated by a mixture of molecular hydrogen(H2), methane(CH4 ), ammonia(NH3), 
and water(H20). By passing this "reduced" gas through electric discharges, which simulated 
lightning, they successfully synthesized many kinds of amino acids. The process for producing 
these amino acids was identified as "Strecker synthesis". For example, the simplest of amino 
acid, glycine (NH2CH2COOH), can form through the following reactions (e.g. Dickerson 
1978): 
H2CO + NH3 + HCN -t NH2CH2CN + H20 
NH2CH2CN + 2 H20 -t NH2CH2COOH + NH3 
This ground-breaking success in producing amino acids seemed to show the origin of raw 
material for life if the Earth met the assumed condition - a reducing atmosphere due to 
oxygen deficiency. It was later suggested that the early atmosphere was not as deficient in 
oxygen as proposed before; therefore the Miller-Urey experiment does not seem to represent 
the evolutionary path the Earth has experienced. 
Current perspective suggests that basic prebiotic compounds may be brought from in-
terstellar space onto the Earth (Orgel 1994). In this picture, organic chemical compounds 
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including basic prebiotic molecules, such as amino acids, were synthesized and resided on 
the surface of interstellar dust grains. These compounds were carried onto the Earth dur-
ing the early bombardment period by asteroids, comets, and meteorites, which presumably 
contain preserved interstellar materials like dust grains. The discovery of amino acids in the 
Murchison meteorite has provided intriguing support for this picture. 
Given the above hypothesis of an extraterrestrial origin for biotic material that seeded 
life, numerous studies have been conducted to try to identify molecules with possible bio-
logical importance in interstellar space (Brown et al. 1979; Hollis et al. 1980; Snyder et al. 
1983; Berulis et al. 1985; and Guelin & Cernicharo 1989, Combes, Q-Rieu, & Wlodarczak 
1996). These early observations, like most other molecular spectroscopic observations, uti-
lized single-element telescopes. They were primary targeted at molecules such as acetic acid 
(CH3COOH), glycine (NH2CH2COOH), and urea ((NH2)2CO), but none of these searches 
had positive results. It is only until recently when interferometric observations were uti-
lized and the importance of hot core sources was recognized that progress was made (Snyder 
1997). The first detection of CH3COOH in interstellar space was made just recently with 
interferometric array observations (Mehringer et al. 1997). 
1.3 About this thesis 
The objective of this study is to obtain observational data on biologically interesting molecules 
and to further study important complex interstellar molecules. 
The strategies to achieve our goal were two fold: 
First, we focused on simpler molecules which share structures similar to the biologically 
interesting molecules. A simpler but similar molecule may be the parent species for the 
more complex ones or reside in the same physical environment and shares similar formation 
paths. In regard to this, we investigated formic acid, and identified at least three sources 
for future acetic acid and glycine searches (Chapter 2). Meanwhile, we continued to search 
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for biologically interesting molecules. Since results from terrestrial experiments implied 
that complex organic molecules with significant biological importance can be synthesized on 
grain surfaces, the detection of these species in the interstellar medium could confirm these 
terrestrial results. In Chapter 3, we present the results of column density limits set by our 
observations. 
Second, we investigated properties of individual hot molecular cores. As we mentioned in 
Section 1.1, hot molecular cores are recognized as the best sources for investigating complex 
organic molecules in the gas phase. It is therefore very important to obtain the physical and 
chemical properties of these cores in order to understand the formation mechanism of complex 
organic molecules. Although many hot molecular cores have been identified, considerable 
differentiation of chemical properties has been noticed among these sources. For example, the 
two densest cores in Sgr B2, Sgr B2(N) and Sgr B2(M), both with temperatures estimated to 
be as warm as 250 K, were demonstrated to have significantly different chemical properties 
(Lis et al. 1993, Miao et al 1995, Kuan et al. 1996). Furthermore, even within the same 
source such as Orion KL, different cloud components were identified with distinct chemical 
characteristics (Blake et al. 1987). Both of the above phenomena have been attributed to 
an age difference or an evolutionary difference between the components. We observed tracer 
molecules including silicon monoxide (SiO), a main component in the refractory core of 
silicate grain particles, and vinyl cyanide(C2H3CN) and ethyl cyanide(C2H5CN), molecules 
suggested to be formed predominantly through gain surface reactions. Observations of these 
species in the gas phase will help to reveal the state of grain mantles evaporation in the 
core region. We will discuss the observational results for SiO, C2H3CN and C2H5CN toward 
Sgr B2 in Chapter 4. 
Since hot molecular cores, warm dusty sources associated with star-forming regions, are 
inherently compact, single-element telescope observations inevitably suffer problems from 
beam-dilution or confusion of lines by weak extended emission. Interferometric observations 
are therefore an ideal approach to surmount these obstacles. First, synthesized beam sizes 
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from interferometric observations are on the order of a few arcseconds, compared with beam 
sizes on the order of arcminutes from single-element observations. Therefore, beam dilution 
becomes much less severe. Second, because of the spatial filtering properties of interferomet-
ric observations, weak emission from extended components will not be detected by an array. 
Thus, line emission from compact sources will stand out and the confusion limit due to an 
underlying line forest can be overcome (Snyder 1997). 
All our observations were all made with the Berkeley-Illinois-Maryland-Association (BIMA) 
Array1 and data were reduced with the software MIRIAD2 . During the course of this study, 
the array has been expanded from six elements to ten elements; baselines have been extended 
up to 1.5 kilometers, which can give subarcsecond resolution at the 3 mm band; and receivers 
for the 1 mm band have been put in commission. In this dissertation, we will show results 
of observations made with the km-long baseline configuration (Chapter 4) and preliminary 
results from new 1 mm band observations (Chapter 3 and 5). 
10perated by the University of California, Berkeley, the University of Illinois, and the University of 
Maryland with support from the National Science Foundation. 
2The MIRIAD data reduction package of the Berkeley-Illinois-Mary land Association is supported at 
the Laboratory for Astronomical Imaging by funding from NSF grant AST 96-13999 and the University of 
Illinois 
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Chapter 2 
Formic Acid Survey 
Formic acid is a molecule of great importance because it shares a common structure with both 
methyl formate and acetic acid. Methyl formate appears to be very common in interstellar 
space, but its isomer acetic acid is difficult to find. Acetic acid is a biologically interesting 
molecule since it differs from glycine, the simplest biologically important amino acid, only by 
a replacement of the amine group in glycine with a hydrogen atom. Given the close structural 
relationship between these molecules, we initiated a survey of formic acid in galactic dust 
cores. 
2.1 Introduction 
The first detections of formic acid (HCOOH) were reported at low frequencies by Zuckerman, 
Ball, & Gottlieb (1971) and by Winnewisser & Churchwell (1975), both toward the Sgr B2 
region. It has since been identified in astronomical sources by fairly weak lines in single-
element telescope observations ( Woods et al. 1983, Sutton et al. 1985, Turner 1991, Ziurys 
& McGonagle. 1993). These surveys were primarily pointed toward two massive star forming 
regions - Sgr B2 and Orion-KL. Woods et al. (1983) estimated a total column density of 
1014 cm-2 in Sgr B2 from a single 40,4 - 30,3 transition detected in their Hoc+ survey with 
the Five College Radio Astronomy Observatory (FCRAO) 14 m telescope. Sutton et al. 
(1985) observed with the 10.4 m telescope at Owens Valley Radio Observatory (OVRO) 
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toward Orion and found a column density "" 1014 cm-2 by assuming a Tex= 90 K. Turner 
(1991) surveyed both Sgr B2 and Orion with the NRAO 11 m telescope at the 3 mm band 
and reported column densities of 1.1 x1015 cm-2 and 4.6 x1013 cm-2 in Sgr B2 and Orion, 
respectively. Observations with FCRAO by Ziurys & McGonagle (1993), however, only set 
an upper limit for HCOOH column density as 1014 cm-2 toward Orion. Beside Sgr B2 and 
Orion KL, HCOOH has only been reported in the dark cloud L134 N (Irvine et al. 1990). 
Although HCOOH shares structural elements with the common interstellar molecule 
methyl formate (HCOOCH3 ), HCOOH has not received much attention from an observa-
tional perspective. However, HCOOH is in fact the simplest organic acid. On the earth, 
it is the active agent in ant bites, bee stings, and nettle plant attacks. Since it shares 
similar structural elements with more complex and biologically interesting molecules such as 
CH3COOH and NH2CH2COOH, astronomical observations of HCOOH are of great interest. 
The formation of HCOOH has been incorporated into chemical modeling for molecular 
clouds in gas phase reaction networks (Herbst & Leung 1989). Irvine et al. (1990) also sug-
gested a gas phase reaction path is able to account for their detected HCOOH in L134 N (see 
Section 2.4). On the other hand, grain surface experiments and modeling suggest HCOOH is 
also readily produced in icy mantles (Allamandola & Sandford 1990, Charnley 1992, Millar 
& Hatchell 1998). Upon mantle evaporation, it is therefore very likely that HCOOH will be 
released into the gas phase and can be observed with spectroscopic observations at millimeter 
wavelengths. 
Hot cores are high temperature (T > 100 K) and high density (nH 2 > 105 cm-3) regions 
in molecular clouds and often have embedded infrared sources or H II regions in the vicin-
ity. Evaporation from grain mantles is suggested by detections of complex and saturated 
molecular species exclusively toward these sources (Miao et al. 1995, Dickens et al. 1997). 
We carried out a survey of HCOOH toward eight galactic hot molecular cores with the 
BIMA Array. Up to five transitions with rest frequencies near 87 GHz have been detected 
simultaneously in three sources: Sgr B2(N), Orion, and W51. The formation mechanism for 
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HCOOH detected in our sample is consistent with grain-surface chemistry models for hot 
molecular cores. 
2.2 Observations 
Observations of HCOOH were conducted with the BIMA Array from 1996 July through 1999 
May in the Band C configurations. Eight hot-core sources, Sgr B2, W51, Orion, G34.3+0.2, 
W3(0H), Sgr A-A, DR21, and NGC 7538 are included in the survey. Our targeted sources 
are selected from representative galactic molecular cores. Sgr B2(N), the "Large Molecule 
Heimat", is one of the most studied massive star forming regions in the Galaxy. More than 
80 interstellar molecules have been detected in this region and it was the first source where 
formic acid was detected. Mehringer et al. (1997) identified CH3COOH emission from this 
region. HCOOH observations would give the HCOOH/CH3 COOH relative abundance, which 
is important for studying the successive formation chemistry of both molecules. W51 is a 
source with detections of many complex organic molecules, including a tentative detection 
of HCOOH reported by Irvine et al. (1990). Orion KL, a massive star forming region, is 
another heavily studied site in molecular line surveys. Johansson et al. (1984) conducted 
an Onsala line survey, but failed to identify any HCOOH transitions. Sutton et al. (1985) 
reported possible detections of HCOOH lines in a frequency range of 215 to 247 GHz. An 
HCOOH column density of 1014 cm-2 , which is near the upper limit set by the Onsala 
survey, was derived. G34.3+0.2 is another massive star forming region where several complex 
molecules such as HCOOCH3 and CH30CH3 have been observed (Mehringer & Snyder 1996). 
W3(0H) is a region with intense maser emission, which indicates star-forming activities. A 
nearby source W3(H20) at 6" east is where some complex molecules such as CH30H and 
C2H5CN were detected. Sgr A-A near the center of M-0.02-0.07, which is one of the two 
most massive molecular clouds in the Sgr A molecular complex. Intensive star formation 
has been observed within this region. Minh, Irvine, & Friberg (1992) reported a detection 
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of HCOOH in the 41,4-31,3 transition in three of the seven clouds of the Sgr A complex, 
including M-0.02-0.07. DR21(0H) is a dense core with star formation activities indicated 
by dust emission and H2CO, CH30H, and NH3 masers. Finally, NGC 7538 is also a galactic 
star formation region. Compact H II regions and strong maser activities including OH, H20, 
CH30H, and H2CO masers have been observed toward the infrared source IRS 1 in NGC7538. 
The IRS9 source in NGC 7538 is a region with an embedded massive YSO and molecular 
outflow activities (Hasegawa & Mitchell 1995). Recent ISO observations showed indications 
of HCOOH residing on grain surfaces in this region (Schutte et al. 1996). 
The source names, phase center positions, LSR velocities, distances, and array configura-
tions used are listed in Table 2.1. The primary beam size was 2.18' FWHM at the observing 
frequency. The spectral coverage was set so that six HCOOH transitions could be observed 
simultaneously. Each spectral window had a bandwidth of 50 MHz with 128 channels, which 
resulted in a spectral resolution of 0.39 MHz (1.3 km s-1). Molecular parameters of the 
observed HCOOH transitions are listed in Table 2.2. These transitions have upper state 
energies between 10 K and 40 K. Several ethyl cyanide (C2H5CN) transitions and a pair of 
methyl formate (HCOOCH3 ) A and E transitions were also included in the spectral cover-
age. Molecular parameters of these transitions are listed in Table 2.3. Data were flagged, 
calibrated, and mapped with the MIRIAD package. The final naturally weighted beam sizes 
and rms noises for each data cube are also listed in Table 2.1. 
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Table 2.1: HCOOH survey source list 
Pointing R.A. Dec. VLSR Distance Array Beam rms n01se 
Center Config Size 
(J2000) (km s-1) (kpc) ("x") (Jy beam-1) 
W3(0H) 2 27 03.9 61 52 25 -48 2.2 B,C 7 x6 0.05 
Orion 1Rc2 5 35 14.5 -5 22 30 9 0.5 B,C 7 x6 0.1 
Sgr A-A 17 45 52.0 
-28 59 27 50 8.5 B,C 17 x7 0.2 
Sgr B2 174719.8 -282217 65 7.1 c 14 x4 0.2 
G34.3+0.2 18 53 18.9 115 01 55 3.8 c 9 x5 0.1 
W51 M 19 23 43.5 14 30 34 55 7.0 c 7 x6 0.1 
DR21(0H) 20 39 00.7 42 22 47 -3 2.0 c 11 x8 0.1 
NGC 7538 IRS9 23 14 02.7 61 27 19 -56 3.0 c 7 x7 0.1 
IRSl 23 13 45.3 61 28 10 
-60 3.0 c 11 x7 0.1 
2.3 Results 
HCOOH was detected toward three sources - Orion, Sgr B2, and W51. At least three lines 
were detected simultaneously toward each source. Continuum emission at 87 GHz, integrated 
HCOOH line emission, and HCOOH spectra toward emission peaks in Orion, Sgr B2, and 
W51 are shown in Figure 2.1, 2.2, and 2.3, respectively. x2 fittings with Gaussian line-shapes 
were performed for each spectrum in order to obtain the radial velocities, peak intensities, 
and line widths for all transitions. 
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Table 2.2: List of the observed HCOOH transitions 
Transition 
J'(K'_1K't1) - J(K-1K+1) 
4(1,4)-3(1,3) 
4(0,4)-3(0,3) 
4(2,3)-3(2,2) 
4(3,2)-3(3,1) 
4(3,1)-3(3,0) 
4(2,2)-3(2,1) 
Frequency 
(GHz) 
86.54618 
89.57917 
89.86148 
89.94821 
89.95032 
90.16462 
Eupper 
(K) 
13.6 
10.8 
23.5 
39.4 
39.4 
23.5 
A=77,512.23 MHz, B=12,055.10 MHz, C=l0,416.11 MHz, µa=l.391 Debye 
(Willemot et al. 1980) 
Table 2.3: List of the observed C2H5CN and HCOOCH3 transitions 
Transition Frequency Eupper 
J'(K'_1K±1) - J(K-1K+1) (GHz) (K) 
C2HsCN a 
10(6,4)-9(6,3) 89.562317 63.7 
10(6,5)-9(6,4) 89.562317 63.7 
10(7,3)-9(7,2) 89.565031 78.1 
10(7,4)-9(7,3) 89.565031 78.1 
10(5,6)-9(5,5) 89.568101 51.5 
10(5,5)-9(5,4) 89.568109 51.5 
10(8,3)-9(8,2) 89.573052 94.8 
10(8,2)-9(8,1) 89.573052 94.8 
10(9,1)-9(9,0) 89.584904 113.6 
10(9,2)-9(9,1) 89.584904 113.6 
10( 4, 7)-9( 4,6) 89.590035 41.4 
10( 4,6)-9( 4,5) 89.591019 41.4 
28(3,25)-28(2,26) 89.593651 182.0 
HCOOCH3 ° 
7(2,5)-6(2,4)E 90.145738 19.7 
7(2,5)-6(2,4)A 90.156476 19.7 
a A=27,663.69 MHz, B=4,714.15 MHz, C=4,235.04 MHz, µa=3.85 Debye (Lovas 1982) 
b HCOOCH3 E A=19,982.22 MHz, B=6,914.06 MHz, C=5,304.51 MHz, 8µ~=17.129 Debye2 
HCOOCH3 A A=19,982.24 MHz, B=6,914.01 MHz, C=5,304.48 MHz, 8µ~=17.129 Debye2 
(Bauder 1979) 
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Figure 2.3: The 87 GHz continuum emission toward W51 is shown in false color. Contours show integrated HCOOH line 
emission seen toward W51 el/e2 and d. A synthesized beam of 7" x6" is shown at the bottom left corner. Spectra toward 
W51 e2 and d are shown in the left and right insets. 
Toward Orion (Figure 2.1), HCOOH was detected in four transitions: 41,4 -31,3 , 40,4 -30,3 , 
43,2 - 33,1 , and 42,2 - 32,1 . Its emission peaks at a location known as the "compact ridge", 
which is about 10" SW of the "hot core" in Orion. These transitions have an average VLsR of 
8 km s-1 , the typical velocity of the compact ridge region. Observed linewidths are about 1.1 
km s-1 . A series of C2H5CN lines was detected in the HCOOH 40 4 -30 3 window. In contrast 
' ' 
to the HCOOH emission, C2H5CN emission peaks toward the hot core. The radial velocity 
VLsR of these lines is 5 km s-1 , the typical hot core velocity. In addition, a pair of HCOOCH3 
A and E 72,5 - 62,4 transitions is seen in the HCOOH 42,2 - 32,1 window. Their VLSR and 
linewidths are 8 km s-1 and 2.2 km s-1 , respectively. HCOOCH3 emission peaks toward 
the compact core as HCOOH emission does. The distinct difference in spatial distribution 
between C2H5CN and both HCOOH and HCOOCH3 emission peaks is a manifestation of 
well-know chemical differentiation between N-bearing and 0-bearing molecules toward Orion 
region. A more detailed discussion is in Section 2.4. 
Toward Sgr B2 (Figure 2.2), HCOOH is detected in three transitions: 41,4 -31,3 , 42,3 -32,2, 
and 42,2 - 32,1 . Its emission peaks at Sgr B2(N-LMH). These transitions have an average 
VLsR of 62.5 km s-1 , and linewidths are about 3 km s-1 . C2H5CN is clearly detected in 
the HCOOH 40,4 - 30,3 window. C2H5CN emission also peaks toward Sgr B2(N). The VLsR 
for these lines is 63.2 km s-1 . The 72 5 - 62 4 A and E transitions of HCOOCH3 were 
' ' 
also detected. The VLsR and linewidths are 63. 7 km s- 1 and 6 km s-1 , respectively. The 
HCOOCH3 emission peaks toward Sgr B2(N) as well. 
W51 is a source which previously had only a tentative HCOOH detection. Five transitions 
were detected in this complex (Figure 2.3). HCOOH emission peaks at three cores: W51 
e2, W51 el and W51 d. These transitions have radial velocities of 55.3, 57.4, and 59.2 
km s-1 for the three cores, respectively. Linewidths are about 7 km s-1 for emission from all 
three regions. Both C2H5CN and HCOOCH3 were detected in the three cores. The radial 
velocities of C2H5 CN are about 57 km s-1 and 59.4 km s-1 in e2 and el; this is 2 km s-1 
higher than the velocities of the corresponding HCOOH in both regions. On the other hand, 
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the VLsR for C2H5 CN at dis similar to the HCOOH velocity at 59.4 km s-1 . The velocities 
for HCOOCH3 are 55.3, 57.7, and 59.8 km s-1 for the three regions. All are similar to those 
of HCOOH in the corresponding cores. 
To determine column densities for all species, the integrated intensity for each transition 
was first calculated by using the peak intensities and line widths from Gaussian fits. Next, 
we tried to estimate the total column density for each species with the common "rotational 
diagram" method. With the assumptions of LTE and optically thin emission, we have 
and 
(2.2) 
where Nr is the total column density of the molecule, Nu is the column density in the 
upper level, Ba and ()b are the FWHM Gaussian beam sizes, Qr is the rotational partition 
function, Tr is the rotation temperature, Eu is the upper level energy, vis the rest frequency, 
Sis the line strength, µis the dipole moment, and gu is the rotational degeneracy of the upper 
level. By combining the above two equations with a single total column density and a single 
rotation temperature, one finds that ln(Nu/ gu) is a linear function of Eu. Thus, a plot of 
ln(Nu/ gu) verses Eu is used to determine the rotation temperature and total column density 
for each molecule. This approach was used on both HCOOH and C2H5CN transitions but not 
HCOOCH3 (the two HCOOCH3 transitions have identical values of Eu)· For HCOOH, the 
rotation diagrams showed points with large scattering with respect to the best linear fit and 
often an unphysical temperature was derived. This is possibly due to the small number of 
lines detected and the relatively low signal-to-noise ratios in these transitions. The rotation 
diagrams of C2H5CN seemed to give more reasonable temperatures. If points with the lowest 
signal-to-noise ratios are ignored, the rotation temperatures are estimated to be between 200 
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Table 2.4: Derived column densities of HCOOH, C2H5CN, and HCOOCH3 
Source R.A. Dec. VLSR NHCOOH Nc2H5CN NHCOOCH3 
(J2000) (km s-1) (cm-2) (cm-2) (cm-2) Orion hot core 5 35 14.5 
-5 22 30 4.3 2.8 x 1016 
Orion compact ridge 5 35 14.5 
-5 22 30 8.3 1.9 x 1015 1.8 xl017 
Sgr B2(N) 17 47 19.8 
-28 22 17 62.5 1.1 x 1016 4.6 x1016 1.1 x 1017 
W51 e2 19 23 43.9 14 30 34 55.3 1.8 x 1016 4.1 x 1015 1.9 x1017 W51 el 19 23 43.8 14 30 26 57.4 1.8 x 1016 4.7 x1015 1.0 x 1017 W51 dl 19 23 40.0 14 31 05 59.2 1.3 x 1016 1.8 x 1015 4.6 x 1016 
to 300 K for the three regions. Since the rotation diagram method did not give satisfactory 
results, we used a rotation temperature of 200 K to estimate the total column densities for 
all three species. This temperature is a reasonable approximation according to our C
2
H
5
CN 
rotation diagrams for all three regions. Furthermore, the temperature is also consistent with 
past observational results. The temperature in the Orion hot core was estimated to be ,_,_, 
200 K (Blake 1987). For the compact ridge, the rotation diagrams of various molecules such 
as CH2CO and CH30H generally gave a temperature of 90-140 K. A temperature of as high 
as 200 K was calculated for the Sgr B2 (N) core from NH3 observations by Hiittemeister 
et al. (1993). Zhang, Ho, & Ohashi (1998) found the rotational temperatures in the W51 
cores are greater than 100 K from CH3CN observations. By adopting Tr =200 K and using 
equation (2.1), column densities were calculated for each transition and an average was taken 
among all lines for each species. The derived total column densities are listed in Table 2.4. 
Finally, continuum maps for those sources without an HCOOH detection at the 3-a level 
(W3, Sgr A-A, G34.3+0.2, DR21, and NGC 7538) are shown in Figure 2.4. 
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Figure 2.4: The 87 GHz continuum emission from the rest of surveyed sources (W3(0H), 
Sgr A-A, G34.3+0.2, DR21, and NGC 7538) is shown in contours. The synthesized beam 
for each observation is shown at the bottom left corner of each panel. 
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2.4 Discussion 
2.4.1 HCOOH and its formation 
Detections of HCOOH were made in Sgr B2(N), the Orion compact ridge, and W51 el, e2, 
and dl. By comparing the distribution of detected emission with synthesized beam sizes, we 
found all HCOOH sources appear to be compact. Comparison with single dish data toward 
Sgr B2 can not be made directly because previous single element observations were pointing 
toward Sgr B2(0H), which is another molecular condensation about 75" south of Sgr B2(N). 
Nevertheless, since all single dish observations had larger beam sizes but all gave column 
densities comparable to our result, it appears our observation has resolved out a significant 
amount of HCOOH emission in Sgr B2. For Orion, it seemed our data recovered most of 
the flux detected by single dish observations (Sutton et al. 1985) from a column density 
comparison. However, our derived HCOOH linewidths are considerably narrower than those 
observed by Sutton et al. 
Both gas phase reactions and grain surface processes were suggested to be capable of 
producing HCOOH. In the gas phase, HCOOH can be produced primarily through ion-
molecule reaction (Herbst & Leung 1989) 
CH4 + Ot -+ HCOOHt + H 
followed by a dissociative electron recombination 
HCOOHt + e -t HCOOH + H. 
Irvine et al. (1990) reported HCOOH detections in L134N and attributed the formation 
of HCOOH in this cold dark cloud environment to the above reaction pathways. Models 
incorporating the reactions gave a HCOOH relative abundance of 10-10 , in agreement with 
the observed value. 
HCOOH synthesis in interstellar icy mantles has also been proposed. For example, Alla-
mandola & Sandford (1990) indicated that surface reactions are plausible pathways for the 
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Figure 2.5: Surface reactions for HCOOH formation seeded by CO with successive H atom 
addition proposed by Charnley (1992). Broken arrows indicate reactions with activation 
energy barriers. HCOOH is formed through successive H, 0 and H addition from CO. 
CH30H is also a main product in this model. 
formation of many complex organic species observed in interstellar space, including HCOOH. 
Charnley (1992) discussed a more detailed model of surface reactions mainly based on H atom 
addition. As depicted in Figure 2.5, HCOOH can be synthesized through successive insertion 
of H, 0, and H onto CO on grain surfaces. Chemical modeling of dense molecular cores with 
gas-grain interactions by Hatchell and Millar (1998) also showed an HCOOH abundance 
enhancement upon grain mantle evaporation. 
Recently, evidence for HCOOH on grain surfaces may have emerged. Observations with 
ISO showed possible features of HCOOH in the ice component from IR absorption spectra. 
Schutte et al. (1996) reported an excess absorption feature in the infrared spectrum toward 
NGC7538 IRS9 taken by ISO. This feature is best fitted by structures of organic acids (R-
COOH). They proposed the simplest acid HCOOH is most likely to be readily produced on 
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grain surfaces and therefore responsible for the absorption. Stronger features were identified 
in the spectrum toward the W33 region (Schutte et al. 1999) and again attributed to HCOOH 
in grain mantles. Due to the nature of broad spectral shapes, infrared spectral identifications 
are not very definitive. Therefore, the -CH3 deformation mode of aliphatic species cannot 
be ruled out as the origin of part of the observed spectral features. Nevertheless, the ISO 
result suggested that the formation of HCOOH in icy grain mantles is very plausible. 
The origin of observed HCOOH in the Orion compact ridge was first attributed to the 
interaction between ambient material in the compact ridge and outflow gas powered by IRc2 
(Blake et al. 1987). The outflow provides abundant H20 while gas-phase ion-molecule reac-
tions between H20 and HCO+ form HCOOH. Millar, Herbst, & Charnley (1991), however, 
argued that CH30H rather than H20 injection from the outflow is more likely to produce the 
large amount of oxygen-bearing molecules. This picture also explains the high abundances 
of species such as CH2CO, CH30CH3 , and HCOOCH3 . HCOOCH3 is suggested to be a 
product of gas phase reactions: 
CH30Ht + H2CO -t H2COOCHt + H2 
H2COOCHt + e -t HCOOCH3 + H 
In this scenario, HCOOCH3 belongs to the third category of dust evaporation products 
mentioned in Section 1.2. It can be regarded as a secondary or daughter species because it 
is produced from evaporated species via gas-phase reactions. C2H5CN, on the other hand, is 
regarded as a primary species which is actively synthesized on grain surfaces and is ejected 
into the gas phase upon mantle evaporation in the hot core. 
The chemical differentiation between 0-bearing and N-bearing species, as demonstrated 
by C2H5CN and HCOOCH3 emission, has been modeled by Caselli et al. (1993). The 
thermal history in different parts of the cloud results in this distinct chemical feature. In 
the "hot core" near the IR source, the relatively volatile molecule CO in grain mantles 
tends to evaporate into the gas phase due to a higher dust temperature and only N-bearing 
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molecules (like NH3 ) are left on grain surfaces for further reactions. On the other hand, at 
the "compact ridge" which is further away from the IR source, CO remains on the grain 
surfaces, and hydrogenation of CO to alcohol drives a complex chemistry with 0-bearing 
molecules. In this picture, CH30H is a main surface species released by mantle evaporation. 
In addition, HCOOCH3 should trace CH30H since HCOOCH3 is synthesized after CH30H 
ejection. 
Given that in our survey toward Orion, both HCOOH and HCOOCH3 are observed 
toward the compact ridge and at the same systemic velocity, they most likely share the 
same physical volume. This fact implies HCOOH also traces CH30H and is in accordance 
with Charnley's model where both CH30H and HCOOH are formed through grain surface 
reactions as depicted in Figure 2.3. Hence, it is very likely that HCOOH also originates from 
mantle evaporation in the compact ridge. The possibility of HCOOH being a secondary 
product like HCOOCH3 , however, cannot be ruled out. 
The distinct spatial distribution of HCOOH and C2H5CN in Orion is easily observed 
due to the proximity of the cloud. For Sgr B2 and W51, which are 14 times farther than 
Orion, such discrimination from spatial distribution is not easy. The precision of position 
determination is limited by beam sizes and sensitivities. Indeed, the observed HCOOH and 
C2H5CN emission in Sgr B2 and W51 appears to be coincident. However, since different 
components in a cloud are likely to possess different velocities, radial velocities of molecu-
lar lines can provide some information about the differentiation between various molecular 
components. Clearly, in W51 e2/el, HCOOH and HCOOCH3 share the same velocity while 
C2H5CN has a velocity of 2 km s-1 higher. This velocity structure is similar to that observed 
in Orion. Therefore, HCOOH in W51 e2/el is likely to reside in the same physical volume as 
HCOOCH3 , but C2H5CN is probably in a different component. Toward Sgr B2(N) and W51 
d, no significant velocity difference between HCOOH, C2H5CN, and HCOOCH3 is observed. 
Nevertheless, since HCOOH and HCOOCH3 are all within the same location and share a 
similar velocity in both Sgr B2 and W51, it implies HCOOH is also likely to trace CH30H, 
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and the formation mechanism of HCOOH could be the same as in Orion. 
Given the proximity of HCOOH, C2H5CN, and HCOOCH3 emission and the argument 
above, we conclude that the observed HCOOH in Sgr B2 and W51 is a product related to 
grain surface chemistry and mantle evaporation. It is very likely that HCOOH is a primary 
product directly released from grain mantles, but the possibility of being a secondary species 
which is formed through gas-phase reactions after mantle evaporation cannot be ruled out. 
2.4.2 C2HsCN and HCOOCH3 
For C2H5CN in Sgr B2, Turner (1991) has reported a column density of rv 7.7 xl013 cm-2. 
Observations at a higher spatial resolution by Miao et al. (1995) revealed a column density 
of 9 xl015 cm-2 toward the Sgr B2(N) core. For Orion, Turner (1991) estimates the column 
density of rv 9 xl014 cm-2. Sutton et al. (1985) gave a column density 2 xl015 cm-2 in 
this region with Tex= 150 K. Later observations by Ziurys and McGonagle (1993) found a 
C2H5CN column density of 4.9 xl014 cm-2 with assumed Tex=l15 K. 
For HCOOCH3 in Sgr B2, Turner reported a column density of rv 1.1 xl015 cm-2. 
Observations by Miao et al. derived a column density of 9 x 1015 cm-2 toward the Sgr B2(N) 
core. For Orion, Turner estimates a column density of rv 6.6 x 1015 cm-2. Sutton et al. (1985) 
gave a column density 3 x 1015 cm-2 in this region with Tex= 150 K. 
Our derived column densities for both C2H5 CN and HCOOCH3 are list in Table 2.4. 
Current column density estimates in Sgr B2(N) and Orion are nearly two orders of magnitude 
higher than the values reported from single dish observational data. Despite the different 
pointing centers used in those observations, previous low values of column densities can 
be understood primarily as a result of beam dilution effects, and our data should have 
recovered most C2H5CN and HCOOCH3 emission. Therefore, it indicates the distribution 
of both C2H5CN and HCOOCH3 is very compact. 
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2.4.3 Abundance ratios 
Fractional abundances of molecules with respect to molecular hydrogen (H2) need to be 
determined with known column densities for both the particular molecule and for H2 at the 
same angular resolution. This is not easy to achieve since the H2 column density is often 
measured by using a different tracer observed at a totally different band and the angular 
resolutions are usually different. On the other hand, when different molecular species are 
observed within the same set of observations, the angular resolutions will be comparable. 
Therefore, their abundance ratio can be readily determined. 
From Table 2.4, we notice that column density ratios, which are equivalent to abundance 
ratios, of HCOOH to C2H5 CN and HCOOCH3 vary by nearly two orders of magnitude 
within our sample sources. While Nncoon/ Nc2n5cN is rv 0.1 and Nncoon/ Nncoocn3 is 
"' 0.01 toward Orion, Nncoon/ Nc2 n5 cN is nearly 10 and Nncoon/ Nncoocn3 is ,....., 0.3 in 
W51 dl. Variations of molecular abundance ratios due to cloud evolution were observed in 
results from theoretical chemical models. For example, ratios of the fractional abundance 
of C2HsCN (Xc2n5 cN) to the fractional abundance of HCOOCH3 (XncoocnJ vary by a 
factor of 3 between the "early-time" and "late-time" results in models for both the hot 
core and the compact ridge in Orion KL (Caselli et al. 1993). Therefore, differences in 
observed abundance ratios could be an indication of different evolutionary stages in mantle 
evaporation processes. 
Finally, the current HCOOH column density in Sgr B2(N) can be compared with the 
CH3COOH results by Mehringer et al. (1996). Under the assumption of LTE and small opac-
ity, Mehringer et al. derived a CH3 COOH column density of 7.3 x 1015 cm-2 in Sgr B2(N) 
from the detection of the CH3 COOH 9* 9 - 8* 8 transition. Since both sets of observa-
' ' 
tions had similar spatial resolutions and both calculations adopted a gas temperature of 200 
K, comparing the column density of HCOOH with that of CH3 COOH is meaningful and 
straightforward. We found both species have comparable column densities. Since HCOOH 
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and CH3COOH share similar structural elements (COOH-), it is very likely that both species 
also share similar formation pathways, or the simpler one, that is, HCOOH, can be a pre-
cursor of the more complex one, CH3COOH. This result is important for comparison with 
future chemical models. 
2.5 Summary 
We have carried out an HCOOH survey toward hot molecular cores, which resulted in 
HCOOH detections in three sources: Orion, Sgr B2, and W51. This is the first set of 
interferometric data on HCOOH. HCOOH is found with column densities above 1015 cm-2 
in these sources. The correlation between HCOOH and HCOOCH3 emission implies a sur-
face chemistry origin of HCOOH. The abundance ratios of HCOOH to C
2
H
5
CN and to 
HCOOCH3 vary by nearly two orders of magnitude between sources. It may indicate differ-
ent stages of mantle evaporation in different sources. The derived HCOOH column density 
in Sgr B2(N-LMH) is comparable to the column density of CH3COOH found by Mehringer 
et al. (1997). 
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Chapter 3 
Search for Biomolecules 
In this chapter, we summarize current results from our ongoing efforts to search for bio-
logically interesting molecules. Early experiments had successfully synthesized biologically 
important molecules such as amino acids in a reducing environment. Terrestrial experiments 
in studying interstellar chemistry also showed complex organic molecules can be readily pro-
duced on grain surfaces. These results indicate that the hypothesis of an extraterrestrial 
origin of raw material for life is very plausible. Detecting these molecules and studying their 
formation mechanism is vital to the understanding of processes which relates to the origin, 
evolution and distribution of life in the universe. 
3 .1 Biomolecules 
To test the hypothesis that the raw material for life is of an extraterrestrial origin, investi-
gations of objects from molecular clouds down to planetary systems have to be conducted so 
that the connections between different evolutionary stages can be established. At the stage 
of molecular clouds, one focus is to examine whether the clouds are capable of synthesizing 
molecules of biological interest; and if they are, how these molecules are formed. A defi-
nition of biologically interesting molecules has to be addressed before systematic searches 
can be conducted. An inspection of the interstellar and circumstellar molecules in Table 
1.1 shows that the major atomic elements in Earth's carbon-based life (H, 0, C, N, P, and 
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-S) are all found. Among these molecules, the small species HCN, H20, NH3 , H2CO, and 
CH4 are important for primitive biological system on Earth. Some of them are also the 
main constituents in Miller-Urey type experiments. Most of these small species, however, 
are ubiquitous in interstellar clouds and hence no specific implication can be drawn. There-
fore, the focus needs to be on molecules with a higher level of complexity. Molecules yielded 
from Miller-Urey type experiments or from laboratory simulations of interstellar grains are 
naturally the prime targets. As indicated in Chapter 1, these complex organic molecules are 
usually found in hot molecular cores (HMCs). HMCs, however, are sites of high-mass star 
formation regions where Sun-like stars with a Earth-like habitat system are not likely to be 
formed. Thus, these cores do not necessary represent the parent cloud where the Earth was 
born. Furthermore, large molecules often won't survive in the gas phase soon after mantle 
evaporation. Even if these species were carried to the Earth, they could get destroyed from 
~ 
the impact with the atmosphere and did not necessarily reach the planet surface. Bearing 
the above considerations in mind, we believe identifications of these biomolecules in inter-
stellar space will still provide vital information on the chemical process for the formation of 
these molecules and how ubiquitously these processes occur in the universe. 
Among the major species yielded in the Miller-Urey experiment and laboratory inter-
stellar dust-grain experiments, species with measured or calculated microwave spectra that 
allow precise identifications include the following: urea, formic acid, acetic acid, and glycine. 
Interstellar urea has never been detected. Formic acid was detected years ago, and we pre-
sented the first survey of formic acid in galactic dust cores with an interferometric array in 
Chapter 2. Interstellar acetic acid was detected with BIMA and OVRO by Mehringer et al. 
(1997). Potential lines of interstellar glycine have been observed by Miao et al. (1994) but 
the detection is not yet conclusive. 
In this chapter, we discuss the importance of each of our targeted molecules individually 
and present the results of our searches. 
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3.1.1 Urea 
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Figure 3.1: Chemical structure of urea 
Urea ((NH2)2CO) was an important component in the prebiotic chemistry of the early 
Earth. One proposed mechanism for prebiotic peptide and pyrophosphate production in-
gests cyanamide and related molecules and ejects urea (Miller & Orgel 1974). It is one 
of the main products identified/in the Miller-Urey experiment (Miller 1953). In addition, 
(NH2)2CO showed up in a significant amount in the laboratory simulation of interstellar 
grain mantles carried out by Li & Greenberg (1997). This implies (NH2 )2CO is very likely 
to exist in interstellar space by formation through either purely gas-phase reactions or some 
grain surface processes. Yet, there is no report of an interstellar (NH2)2CO detection so far. 
3.1.2 J\.cetic J\.cid 
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Figure 3.2: Chemical structure of acetic acid 
Acetic acid (CH3COOH) has a structure similar to the simplest biologically important 
amino acid, glycine, which implies an interstellar CH3 COOH source may also contain glycine. 
Several unsuccessful searches for interstellar CH3COOH were conducted in the past. Recently 
CH3 COOH was detected and confirmed by Mehringer et al. (1997). The CH3 COOH 9*,9 -8*,8 
transitions toward Sgr B2(N) gave a column density of 7.3 x 1015 cm-2 . By comparing our 
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HCOOH data with the CH3 COOH results, we found both species have comparable column 
densities and share similar LSR velocities. 
Uncertainty still remains in determining CH3COOH properties such as the excitation 
temperature. In addition, its isomer, methyl formate (HCOOCH3 ), is a very common in-
terstellar molecule which often appears in great abundance as shown in Chapter 2. While 
HCOOCH3 has the C-0-C backbone, CH3COOH has the C-C-0 backbone. The C-C-0 
backbone species were found to be less common than their C-0-C counterparts (Millar et al. 
1988). This backbone chemistry is also worth investigating. Therefore, further observations 
of CH3COOH toward Sgr B2(N) and new searches toward other sources are underway. 
3.1.3 Glycine 
Glycine (NH2CH2 COOH) is the smallest amino acid, and amino acids are the building blocks 
of proteins. There are at least seven kinds of conformers of glycine. In the gas phase, most 
glycine is found in conformers I and II, as shown in Figure 3.3. Conformer I NH2CH2 COOH 
is in the lowest energy form among all conformers. Conformer II is approximately 660 K 
higher in energy than conformer I. On the other hand, conformer II has an a-transition 
dipole moment of 5.37 debye, which is nearly 6 times higher than that of conformer I (Lovas 
et al. 1995). The next most abundant conformer is conformer IV with a relative abundance 
of no more than 20% relative to conformer II (Godfrey & Brown 1995). 
I II 
Figure 3.3: Chemical structures of two glycine conformers: I, II. 
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Extensive observations have been conducted in the hope of detecting NH2 CH2 COOH 
emission from interstellar space. For example, Hollis et al. (1980) searched for NH2 CH2 COOH 
in its conformer I form in galactic molecular clouds. Snyder et al. (1983) searched for con-
former II NH2 CH2 COOH. Observations of TMC-1 and IRC+10216 by Guelin & Cernicharo 
(1989) also included a search for NH2 CH2 COOH. None of these dedicated glycine searches 
had positive results. Most recently, Combes et al. (1996) carried out NH2 CH2 COOH ob-
servations with the IRAM 30 m telescope toward Orion and Sgr B2; they searched for both 
glycine conformer I and II. In their results toward Orion, the confusion limit was reached 
where weak line emission masked the target glycine transitions. In Sgr B2, no detection 
of glycine was found at the level of system sensitivity. One should, however, notice that 
their observations were in fact pointed toward Sgr B2(0H), a southern source in the Sgr B2 
complex. Since the chemistry in Sgr B2(0H) is not as rich as it is in Sgr B2(N), it is not 
surprising that no detection of glycine was made. Therefore, for both sources, only upper 
limits for glycine column density have been derived. In Orion, NNH2 cH2 cooH is less than 
5 x1013 cm-2 and in Sgr B2(0H), NNH2cH 2 cooH is less than 7 xl013 cm-2 . Both sets of 
results are averaged over the 30-m beam width. 
Even though the above attempts all gave rise to negative results, Miao et al. (1994) 
reported probable detections of glycine at 90 GHz in the Sgr B2(N) core observed with the 
BIMA Array. As shown in Chapter 1, interferometric observations have the advantage of 
filtering out interloper emission from extended components. Thus, the detection of spectral 
features possibly due to NH2CH2 COOH is intriguing. Given the detected line intensity of 
0.09 Jy beam-1 in a 10.5" x4.2" beam, NNH2cH2cooH is estimated to be 1.2 x1016 cm-2. 
Since the lines are partially blended with CH3 CH2 CN and unidentified lines, the glycine 
identification is only tentative and needs to be confirmed. 
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3.2 Observations 
We have utilized the best available information on these molecules to select candidate lines 
for our searches. Table 3.1 lists molecule names, quantum numbers, rest frequencies, upper 
state energies, line strengths, and sources observed. The pointing center for all observations 
toward Sgr B2(N) was at a(J2000) = 17h47m19.798 , c5(J2000) = -28°22'17.30", while that for 
all observations toward Orion KL was at a(J2000) = 5h35m14.5l8, c5(J2000) = -5°22'30.45", 
Four (NH2)2CO transitions in the 3 mm band and three in the 1 cm band with energy 
levels range from 2 K to 16 K were selected. Observations of the 112 GHz (NH2 )2CO lines 
were conducted in 1997 May with the BIMA B array. The spectral window containing 
(NH2)2CO had a bandwidth of 50 MHz and was divided into 128 channels for a spectral 
resolution of 0.39 MHz (1.04 km s-1 ). The naturally weighted synthesized beam had a size 
of 22" x 7". Typical rms noise was 600 mJy beam-1 per channel. Observations of the 25 
GHz lines were conducted in 1997 August and September with the C and B arrays. The 
spectral window containing (NH2)2CO had a bandwidth of 25 MHz and was divided into 
128 channels for a spectral resolution of 0.19 MHz (2.17 km s-1 ). The naturally weighted 
synthesized beam had a size of 25" x 611 • Typical rms noise was 250 mJy beam- 1 per channel. 
One group of CH3COOH transitions in the 3 mm band and one group of CH3COOH 
transitions in the 1 mm band were selected. These transitions are at relatively low excitation 
with temperatures of 25-35 K. 
Observations of the 110 GHz CH3COOH lines toward Orion KL were conducted in 1998 
November with the BIMA C array and in 1998 February with the B array. Spectral windows 
containing CH3COOH had bandwidths of 50 MHz and each was divided into 128 channels 
for a spectral resolution of 0.39 MHz (1.05 km s-1 ). The synthesized beam had a size of 8" 
x 5". Typical rms noise was 300 mJy beam-1 per channel. Observations of the 228 GHz 
CH3COOH lines toward Orion KL were conducted in 1999 April with the C array. The 
spectral window containing CH3COOH had a bandwidth of 100 MHz and was divided into 
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Table 3.1: List of the observed (NH2)2CO, CH3COOH, and NH2CH2COOH transitions 
Molecule Transition Frequency Eupper Sµ~ Source9 
J'(K'_1K'+1) - J(K-1K+i) (GHz) (K) (Debye2) 
(NH2)2coa 55,1-44,0 108.2654 15.6 53.1 1 
42,2-31,3 112.0103 9.3 2.0 1 
55,0-44,1 112.0242 15.7 49.3 1 
43,2-42,3 27.2500 9.3 25.5 1 
21,2-lo,1 27.4832 2.1 22.0 1 
54,2-53,3 27.7600 14.5 35.8 1 
53,2-52,3 27.7798 14.5 39.0 1 
CH3COOHb 9* 9-8* s Ed 100.8550 
' ' 
25.1 49.0 lh 
l0*,10-9*,9 E 111.5068 33.5 54.8 2 
l0*,10-9*,9 A 111.5490 33.5 54.8 2 
21*,21-20*,20 E 228.6581 123.3 118.6 1,2 
21*,21-20*,20 A 228.6918 123.3 118.6 1,2 
NH2CH2COOH (I)c 150,15-140,14 90.0498 35.5 14.8 li 
36#,33-35#,32 e 228.4185 216.5 76.9 1,2 
37 $,35-36$,34 f 228.8174 219.4 82.0 1,2 
NH2CH2COOH (II) 151,15-141,14 92.9756 35.5 427.1 1 
150,15-140,14 92.9788 35.5 427.1 1 
171,17-161,16 105.0029 45.1 484.8 1 
17 0,11-160,16 105.0036 45.1 484.8 1 
a (NH2)2CO A= 11,233.33 MHz, B= 10,369.37 MHz, C= 5,416.67 MHz (Brown et al. 1975) 
b CH3COOH A A= 11,415.30 MHz, B= 9,477.68 MHz, C= 5,326.34 MHz 
CH3COOH EA= 11,335.58 MHz, B= 9,478.73 MHz, C= 5,325.00 MHz 
(Suenram & Lovas 1980, Wlodarczak & Demaison 1988) 
c NH2CH2COOH (I) A= 10,341.53 MHz, B= 3,876.18 MHz, C= 2,912.35 MHz 
NH2CH2COOH (II) A= 10,130.15 MHz, B= 4,071.51 MHz, C= 3,007.49 MHz (Lovas et al. 1995) 
d The script * stands for both K~ 1 and K_1 = 0, and l. 
e The script# stands for both K~1 and K_1 = 3, and 4. 
f The script$ stands for both K~1 and K_1 = 2, and 3. 
9 1 denotes Sgr B2(N), and 2 denotes Orion KL. 
h The transition detected by Mehringer et al. (1997). 
i The transition tentatively detected by Miao et al. (1994). 
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64 channels for a spectral resolution of 1.56 MHz (2.05 km s-1 ). The naturally weighted 
synthesized beam had a size of 4" x 3". Typical rms noise was 400 mJy beam-1 per channel. 
Observations of the 228 GHz CH3COOH lines toward Sgr B2(N) were conducted in 1999 
February 1999 with the B array and in 1999 May with the C array. The spectral window setup 
was the same as that used for Orion KL observations. The naturally weighted synthesized 
beam had a size of 5" x 2". Typical rms noise was 1.2 Jy beam-1 per channel. 
Four NH2CH2 COOH conformer II transitions in the 3 mm band were selected. These 
lines have the potential advantage that the larger dipole moment of conformer II should 
give an intensity enhancement of nearly 35 times over conformer I, if both conformer I 
and conformer II have similar column densities. However, the higher zero level energy of 
conformer II may prevent it from being as abundant as conformer I. In the 1 mm band, two 
sets of NH2CH2 COOH conformer I lines with energy levels over 200 K were selected. 
Observations for NH2CH2COOH toward Sgr B2(N) at 92 and 105 GHz were conducted in 
1998 April and May with the Band C arrays. Spectral windows containing NH2 CH2COOH 
had bandwidths of 50 MHz and were divided into 128 channels for a spectral resolution of 
0.39 MHz (1.35 km s-1). The naturally weighted synthesized beam at 92 GHz had a size of 
34" x 4" and typical rms noise was 200 mJy beam- 1 per channel. The beam size at 105 GHz 
had a size of 19" x 4" and typical rms noise was 400 mJy beam-1 per channel. The Sgr B2 
observations of NH2CH2COOH at 228 GHz were conducted in the spring of 1999 simultane-
ously with the CH3COOH observations. Spectral windows containing NH2CH2COOH also 
had bandwidths of 100 MHz and were divided into 64 channels for a spectral resolution of 
0.39 MHz (1.35 km s-1). The naturally weighted synthesized beam had a size of 5" x 2" 
and the typical rms noise was 1.5 Jy beam- 1 per channel. 
Finally, Orion KL observations of NH2 CH2 COOH at 228 GHz were also made simulta-
neously with the CH3COOH observations in 1999 April. Spectral setups were the same as 
those used in the Sgr B2(N) observations. The naturally weighted synthesized beam had a 
size of 4" x 3" and the typical rms noise was 400 mJy beam- 1 per channel. 
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Figure 3.4: Sample spectra from (NH2) 2CO , CH3COOH, and NH2CH2COOH observations toward Sgr B2(N). The ordinate 
is the line intensity in Jy beam-1 and the abscissa is the rest frequency in GHz. All spectra are positioned for a VisR of 64 
km s-1 . Target lines are shown with molecule names followed by a question mark. The noise level for each spectrum is shown 
by the thick tick at the right hand side of each panel. 
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Figure 3.5: Sample spectra from (NH2)2CO , CH3COOH , and NH2CH2COOH observations toward Orion KL The ordinate 
is the line intensity in Jy beam-1 and the abscissa is the rest frequency in GHz. All spectra are positioned for a VLsR of 5 
km s-1 . Target lines are shown with molecule names followed by a question mark. The noise level for each spectrum is shown 
by the thick tick at the right hand side of each panel. 
3.3 Results 
Our observations did not detect emission lines from the three target molecules. Sample 
spectra from both regions are shown in Figure 3.4 and 3.5. In the 3 mm band, no target 
transition appeared above the 3 CJ level. In the 1 mm band, it is evident that our target 
transitions are often contaminated by nearby known or unidentified spectral lines. 
Column density limits for our target molecules in both Sgr B2(N) and Orion are listed 
in Table 3.2. As discussed in the next paragraph, column density measurements depend on 
the beam sizes used in the observations. Therefore, cases for both limiting beam sizes, or 
equivalently, limiting source geometries, are presented. A common excitation temperature 
of 200 K for both cores is assumed for all estimates except when noted otherwise. 
Toward Sgr B2(N), multiple transitions with widely spanned excitation energies were 
observed for each molecule. Hence, we analyzed the data by plotting rotation diagrams (as 
discussed in Chapter 2) in order to obtain limits for their column densities. However, caution 
must be taken since observations at different frequencies have different spatial resolutions. 
If we assume the emitting gas is evenly distributed within the largest beam used in our 
search, the average column density for the molecule will remain similar when observed with 
different beams. In this case, direct comparison between the column density measurements 
can be made. On the other hand, when the emitting gas has a very compact size compared 
to even the smallest beam used, beam dilution factors will vary with different beam sizes. In 
this case, the observed column densities have to be scaled to a common beam size in order 
to make a meaningful comparison. We have made assumptions that molecules at different 
excitation levels are cospatial and no temperature gradient exists in the volume. Certainly, 
this is the most simplified situation. We also note that since only a few data points are 
available in the analysis, the intrinsic scatter commonly seen in rotation diagrams will affect 
the temperature estimates. More measurements at different excitation levels are certainly 
desired. 
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(NH2)2CO is seemingly simple and easy to find. By replacing two hydrogen atoms with 
two amine groups (NH2 ) in a formaldehyde (H2CO), one produces a (NH2)2CO molecule. 
Both NH3 and H2CO are often found in great abundances in dense molecular cores. Nev-
ertheless, the search was unsuccessful in this study. Our observations of (NH2 )2CO in the 
3 mm and the 1 cm bands gave similar beam sizes; therefore, column density limits were 
derived and directly compared. As shown in Figure 3.6(a), a column density limit was con-
strained by the non-detection of the 55,1 - 44,0 line if an excitation temperature of 200 K is 
assumed. One possible reason for the non-detection is the lack of degeneracy in (NH2)2CO 
transitions due to the molecule's double-quadrupole coupling from the two nitrogen atoms. 
This double-quadrupole coupling induces hyperfine splitting and the expected signals could 
therefore be distributed among several components which fall below the sensitivity of our 
observations. 
For CH3COOH , the transition detected by Mehringer et al. (1997) which has an ex-
citation energy of ,......, 25 K is shown towards the left hand side of Figure 3.6(b) by a black 
filled circle. A fictitious rotation population with Tr of 200 K is shown in the black straight 
line. If the CH3COOH fills up the beam used in the 3 mm observations, the current 1 mm 
observation result is then consistent with the detection and no new constraint can be made. 
On the other hand, if we assume the CH3COOH source is very compact, we could scale 
the column density detected at 3 mm up to match the beam size used at 1 mm (blue filled 
circle in the figure). Then, failure to detect the 21*,21 - 20*,20 E transition indicates that the 
rotation temperature of the CH3COOH gas is possibly less than 200 K (red straight line in 
the figure). 
The 1 mm observations of NH2CH2COOH conformer I did not result in the identification 
of NH2CH2COOH nor did it give a more strict column density limit. As shown in Figure 
3.6(c), the upper limit for the NH2CH2COOH column density from the 3 mm observations 
by Miao et al. was not challenged by the current 1 mm results even when the 3 mm results 
are scaled up to a smaller beam size used in the 1 mm observations. This was simply due 
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Table 3.2: Column density limits for (NH2)2CO, CH3COOH, and NH2CH2COOH toward 
Orion KL and Sgr B2(N) 
Molecule 
NH2CH2COOH (I) 
NH2CH2COOH (II) 
Column Density (cm-2) 
Sgr B2(N) Orion KL 
< 2.6 x 1015 (22" x 7") 
< 7.2 x1015 (12" x4")/ < 7.0 x1015 (4" x3") 
< 1.2 xl016 (4" x3")a 
< 1.1 x1016 (11" x4") < 1.8 xl016 (4" x3") 
< 6.0 xl016 (5" x2") 
< 8.3 x 1014 (34" x 4") I 
< 1.5 x 1016 (5" x 2") 
a A rotation temperature of 75 K is used. 
to the existence of strong interlopers in the 1 mm spectra. On the other hand, the failure 
to detect the 3 mm conformer II NH2CH2COOH transitions puts a stringent limit on the 
column density of conformer II. It would be at least four times less abundant than conformer 
I, if the tentative detection of conformer I is confirmed. This result would be consistent with 
the fact that conformer II has a higher zero point energy level. 
Toward Orion, upper limits for CH3 COOH and NH2CH2COOH column densities were 
derived using a 2-0" cutoff. As with the CH3COOH analysis toward Sgr B2(N), the limit 
on CH3COOH column density depends on the assumed size of CH3COOH source. In fact, 
the results from the 1 mm observations impose a more stringent limit whether the source is 
compact or more extended. 
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Figure 3.6: (a) Rotation diagram of (NH2)2CO from transitions sought toward Sgr B2(N). 
(b) Rotation diagram of CH3COOH from transitions sought toward Sgr B2(N). ( c) Rotation 
diagram of NH2CH2COOH from transitions sought toward Sgr B2(N). The ordinate in all 
three diagrams is the logarithm of the normalized column density in the upper state of the 
observed transition, and the abscissa is the energy level of the upper state in unit of K. 
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Chapter 4 
Sagittarius B2 Studies 
In this chapter, the focus will be on a particular source near the galactic center, Sagittarius 
B2, which is one of the most studied molecular clouds in the Galaxy. Among the known 
interstellar and circumstellar molecules, nearly half of them were initially identified in this 
region. In particular, one of the dense cores, Sgr B2(N), was named the Large Molecule 
Heimat (LMH) source due to a rich chemistry in the core predominantly driven by grain 
mantle evaporation. 
We have carried out SiO, C2H3CN, and C2H5CN observations toward Sgr B2. The 
observations of the SiO v = 0, J = 2-1 transition toward Sgr B2 indicates the presence 
of outflows with velocities up to 30 km s-1 in Sgr B2(M) (Liu et al. 1998). The derived 
outflow mass is 210 M0 assuming an SiO fractional abundance of 10-1 . No emission was 
detected from the Sgr B2(N) region, possibly because SiO is underabundant in the Sgr B2(N) 
core. We suggested that different evolutionary stages are likely to be the reason for this 
differentiation between Sgr B2(M) and (N). C2H3 CN and C2H5 CN emission was observed 
toward the Sgr B2 region at a sub-arcsecond resolution (Liu & Snyder 1999). These are the 
highest angular resolution observations ever reported for C2 H3 CN and C2 H5 CN. Column 
densities of C2H3 CN and C2H5 CN were found to be at least 3 times higher than previously 
reported. Detailed discussions of the SiO observations and the high resolution C2H3CN and 
C2H5CN observations can be found in Appendix A and Appendix B. 
44 
4.1 Introduction to Sgr B2 
Sagittarius B2 is one of the most studied molecular clouds in the Galaxy. Among the 
known interstellar and circumstellar molecules, nearly half of them were initially identified 
in this region. To date, centimeter radio continuum and recombination-line observations 
have shown that more than 49 ultra- and hyper-compact H II regions reside in the complex 
(Gaume & Claussen 1990; Mehringer et al. 1993; Gaume et al. 1995; De Pree et al. 
1995; De Pree, Goss, & Gaume 1998). Hot and dense molecular cores are observed in 
centimeter and millimeter molecular lines (Vogel et al. 1987; Carlstrom & Vogel 1989; Lis 
et al. 1993; Hiittemeister et al. 1993). Sgr B2(N) and Sgr B2(M) are the two densest cores 
where most H II regions cluster. Both cores are found to have intense molecular masers 
(Reid et al. 1988; Kobayashi et al. 1989, Gaume & Claussen 1990; Mehringer, Goss, & 
Palmer 1994, Shiki et al. 1997) and rotation/outflow motions (Vogel et al. 1987; Gaume 
& Claussen 1990; Lis et al. 1993, Mehringer 1995, Kuan & Snyder 1996). These facts 
indicate the two cores have undergone recent star formation. However, observations have also 
shown differences between the Sgr B2(N) and (M) cores. Vogel et al. (1987) first proposed 
that the two cores are at different evolutionary stages based on the observed NH3 column 
density differences. Millimeter continuum studies indicated that (N) has much stronger dust 
emission than (M) (Lis et al. 1993) and dust in (N) may be covered by rich icy mantles, 
as indicated by an unusually high spectral index (Kuan et al. 1996). Miao et al. (1995) 
found vinyl cyanide (C2H3CN), ethyl cyanide (C2H5CN), and methyl formate (HCOOCH3 ) 
in great abundance in Sgr B2(N) but not (M), which supports the idea that Sgr B2(N) is 
in a younger evolutionary stage where large, saturated molecular species have evaporated 
recently from grain mantles. In fact, because of its rich chemistry, this core has been called 
the Large Molecule Heimat source [Sgr B2(N-LMH)] (Snyder, Kuan, & Miao 1994) and is a 
preferred region for searching and studying large complex molecules, such as, for example, 
methylenimine (CH2 NH) (Dickens et al. 1997) and acetic acid (CH3COOH) (Mehringer et 
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al. 1997). Recently results from the observations of CH3 0H at 30 GHz toward Sgr B2 
by Pei, Liu, & Snyder (see Appendix C) also showed a high temperature CH
3
0H core in 
Sgr B2(N-LMH) with enhanced CH3 0H abundance. 
4.2 SiO Observations 
The SiO molecule is thought to be a good tracer of outflow activity. SiO emission is often 
observed in massive star-forming regions (Downes et al. 1982, Ziurys & Friberg 1987). In 
contrast, it has not been detected in cold dark clouds (Ziurys, Friberg, & Irvine 1989). Several 
chemical models have been proposed to explain the enhancement of SiO in the gas phase 
within these star-forming regions; and these models suggest SiO formation favors regions 
near outflows where both shocks and high temperature material are present. Therefore, 
observations of SiO toward Sgr B2(M) and Sgr B2(N) are likely to provide information on 
the outflow process. 
The SiO observations were conducted in 1994 February, 1994 May and 1995 May using 
the six-element BIMA Array. The rest frequency of the SiO J = 2-1 (v = 0) line is 
86846.998 MHz (Lovas 1992). The naturally weighted synthesized beam has a size of 4.5" x 
9.8" with P.A.=6.1°. 
4.3 SiO Results and Discussion 
4.3.1 Overview 
An 86.8 GHz continuum image of Sgr B2 made from line-free channels is shown in Figure 
4.1. The northern region is Sgr B2(N) and has a flux density of 4.9 Jy. The flux density of 
the southern region, Sgr B2(M), is 12 Jy when corrected for primary beam attenuation. The 
3 mm Sgr B2 continuum emission has been discussed in detail by Kuan et al. (1996). 
SiO J = 2-1 line emission was detected toward Sgr B2(M) while absorption was detected 
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Figure 4.1: Continuum image of Sgr B2 at 86.8 GHz. The resolution is 4.5" x 9.8" 
(P.A.=6.1°). The beam size is shown at the lower right. The contour levels are 0.3, 0.6, 
0.9, 1.2, 1.5, 1.8, 2.1, 2.4, 2.7, 3.0, and 3.3 Jy beam- 1 . This image has not been corrected for 
primary beam attenuation; the main component (M) is located near the half power radius. 
The rms noise is"' 50 mJy beam-1. 
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Figure 4.2: Channel images of the SiO J = 2-1 transition in Sgr B2. The resolution is 4.5" x 
9.8" (P.A.=6.1°). The LSR velocity in km s- 1 is labeled in each panel. Contour levels are at 
-3, -2.4, -1.8, -1.2, -0.6, 0.2, 0.4, 0.6, and 0.8 Jy beam-1. Dashed contours represent negative 
intensities. The rms noise is typically 80 mJy beam-1 (0.3 K) per spectral channel at a 
resolution of 2.7 km s-1 . The image has not been corrected for primary beam attenuation. 
toward both the Sgr B2(N) and (M) regions. Channel images are displayed in Figure 4.2. In 
this figure, the velocity resolution is 2. 7 km s-1 over a V1sR range of 45 km s-1 to 85 km s-1 . 
The spectra toward Sgr B2(N) and (M) are shown in Figures 4.3(a) and 4.3(b), respectively. 
4.3.2 Sgr B2(M) 
Toward Sgr B2(M), emission with velocities up to 30 km s-1 relative to the ambient material 
at V1 sR = 65 km s-1 suggests the presence of an energetic outflow. Self-absorption at 65 
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Figure 4.3: (a) Spectrum of the SiO J = 2-1 transition toward Sgr B2(M) averaged over a 
region of size 31" x 31" centered at a(J2000)=17h47m2os, 6(J2000)=-28°22'56". Velocities 
are with respect to the LSR. The spectral resolution is 1.35 km s-1 . The intensity scale has 
not been corrected for primary beam attenuation. (b) Spectrum of the SiO J = 2-1 transition 
toward Sgr B2(N) averaged over a region of 10" x 18" centered at a( J2000)=17h47m20s, 
8(J2000)=-28°22'16". Velocity scale and spectral resolution are the same as in (a). 
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km s-1 with width 20 km s-1 is likely due to the extended, lower density envelope surround-
ing the hot core. If the excitation temperature of the absorbing gas is small compared to 
the brightness temperature of the continuum source, the apparent optical depth T for an 
absorption line is given by 
= -l (TL+ Tc) 
T n Tc ' ( 4.1) 
where TL and Tc are the observed line and continuum temperatures. The apparent optical 
depth spectra of SiO absorption toward (M) and (N) are shown in Figures 4.4(a) and 4.4(b). 
These absorption features are attributed to the envelope of the Sgr B2 cloud and to the 
clouds lying along the line of sight, which are not physically associated with Sgr B2. 
The structure of the Sgr B2(M) outflow gas appears to be complex. The emission features 
show clumpy structures and span an area approximately 50" by 30", which is 1. 7 pc x 1.0 
pc in linear scale for a distance of 7.1 kpc from Earth (Reid et al. 1988). An image made 
by integrating over spectral channels of the red-shifted and blue-shifted emission is shown 
in Figure 4.5. 
By adopting Tr = 150 K (Hiittemeister et al. 1993) and using equation (2.1), the peak 
SiO column densities were found to be 13 x 1014 and 10 x 1014 cm-2 . Table 4.1 summarizes 
the physical parameters of the outflow. Assuming the the fractional abundance of SiO, Xsio, 
is 10-1 , as it was estimated toward Orion KL by Ziurys & Friberg (1987), we have derived H2 
column densities of 5 x 1021 cm-2 in the red-shifted and 6 x 1021 cm-2 in the blue-shifted 
outflow gas. For a distance of 7.1 kpc to the Sgr B2 region, the two outflow components 
were found to have comparable masses of rv 100 M0 and 110 M0 , respectively. 
The SiO J = 2-1 transition has been observed by Turner (1989) and Greaves et al. 
(1992) with single-element telescopes toward Sgr B2. We find the BIMA Array has detected 
more than 90% of the total SiO J = 2-1 line flux compared to the single-element telescope 
results. Thus only a small portion of the SiO emission extends over scales larger than 1' and 
is resolved out by the array. 
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Figure 4.4: (a) Apparent optical depth spectrum of the SiO J = 2-1 transition from 
absorption line toward Sgr B2(M) averaged over a region of size 20" x 20" centered at 
a(J2000)=17h47m2os, o(J2000)=-28°22'56". (b) Apparent optical depth spectrum of the 
SiO J = 2-1 transition from absorption line toward Sgr B2(N) averaged over a region of 10" 
x 10" centered at a(J2000)=17h47m2os, o(J2000)=-28°22'16". The spectral resolution is 
1.35 km s-1 . One a error bars are shown in both panels. 
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Figure 4.5: Spatial distribution of SiO emission toward Sgr B2(M). The solid contours rep-
resent the red-shifted lobe (integrated from 78.7 to 98.9 km s-1 ) and the dashed contours 
represent the blue-shifted lobe (integrated from 38.2 to 58.5 km s-1). Contour levels are at 
4, 5, 6, 7, 8, 9, 10, and 11 Jy beam-1 km s-1 . The image has not been corrected for primary 
beam attenuation. H II regions observed by Gaume et al. (1995) are labeled. 
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Table 4.1: Physical parameters of the SiO outflow in Sgr B2(M) 
red lobe blue lobe 
Peak position 
a(J2000) 17h47m19s_9 17h47m20s.4 
c5(J2000) -28°22'47" -28°22'54" 
Peak integrated intensity(Jy beam-1 km s-1) 23 18 
Peak SiO column density ( x 1014 cm-2 ) 13 10 
Mean integrated intensity (Jy beam-1 km s-1 ) 9 10 
Mean SiO column density ( x 1014 cm-2) 5 6 
H2 column density ( x 1021 cm-2 ) 5 6 
Outflow mass (M0 ) 100 110 
The existence of outflow activity in the Sgr B2(M) region has been suggested by many 
studies, including Vogel et al. (1987), Gaume & Claussen (1990), Lis et al. (1993), Mehringer 
(1995), and Kuan & Snyder (1996). Our results with assumed values of Tr = 150 K and 
XsiO = 10-7 suggest a total outflow mass of rv 210 M0 . However, this mass is probably a 
lower limit for the following four reasons: 
1. The existence of self-absorption in the spectrum of Sgr B2(M) implies absorption of 
SiO emission by an extended molecular envelope. 
2. SiO J = 2-1 emission from the molecular core may be optically thick as suggested by 
Haschick and Ho (1990). 
3. The adopted fractional abundance is uncertain. For our current study, the assumed 
fractional abundance, Xsio = 10-7 , appears to give an estimated mass of the outflow 
material consistent with that from other molecular observations in the past. However, 
an overestimate of Xsio will result in an underestimate of the derived H2 column density 
and, consequently, an underestimate in the derived outflow mass. For example, Acord, 
Walmsley, & Churchwell (1997) observed several SiO rotational transitions toward 
the ultra-compact H II region and outflow source G5.89-0.39, and suggested Xsio rv 
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(1 - 3) x 10-9 in the outflow gas. In addition, Wright et al. (1995) mapped the SiO 
v = 0, J = 2-1 transition toward Orion KL, The observed line brightness temperature 
ranges as high as 3000K, indicating the probable existence of maser emission in this 
transition. This will indicate an overestimate of SiO fractional abundance by Ziurys & 
Friberg (1987) and result in a Xsio lower than 10-7 . Therefore, if we adopt a Xsio of 
10-9 , the total outflow mass would be rv 20000 M0 , much higher than that suggested 
by Mehringer (1995). 
4. Finally, the LTE assumption may be violated since the critical density for SiO v = 0, 
J = 2-1 excitation is rv 105 cm-3 , which can be satisfied in the molecular core region but 
not necessarily in the outflow gas. We also performed a spherical large-velocity-gradient 
(LVG) approximation to derive the SiO abundance. A wide parameter range with 
H
2 
volume density between 103 cm-3 and 107 cm-3 and SiO column density between 
1012 cm-2 and 1016 cm-2 was tested. The observed SiO line brightness temperature of rv 
3K placed a lower limit on the SiO column density of 1.6 x 1014 cm-2 in this simplified 
LVG model. At an H2 volume density of rv 10
5 cm-3 , the inferred SiO fractional 
abundance is about 1.3 x 10-9 and the resulting H2 column density is 1.2 x 10
23 
cm-
2
, 
which is 20 times higher than that derived from the LTE analysis. 
Overall, a fractional abundance of SiO as high as 10-7 gives a consistent estimate of the 
outflow mass in Sgr(M) although a lower abundance of SiO cannot be ruled out. 
4.3.3 Sgr B2(N) 
Toward Sgr B2(N), only broad SiO absorption was observed. The apparent optical depth 
spectrum is shown in Figure 4.4(b). A similar spectrum from the J = 2-1 transition of the 
isotopomer 29Si0 was also obtained by Peng et al. (1995) using the BIMA Array. Because 
of the asymmetric shape of the observed SiO absorption spectrum, it is likely that the 
absorption results from several velocity components. 
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Previous observations of other molecular species have found evidence for outflow activity 
in Sgr B2(N) (Vogel et al. 1987, Lis et al. 1993). However, no SiO emission associated with 
the outflow was detected from Sgr B2(N) in our study. It is possible that self-absorption 
from the envelope masked the emission from the core in our current data. However, the 
V1sR range of HC3N emission observed by Lis et at. (1993) spans up to 100 km s-1 , which, 
according to Figure 4.4(b), should be free from the absorption by the envelope. Another 
possibility is that SiO is underabundant in the Sgr B2(N) core. Greenberg (1997) modeled 
the silicate dust grains in dense molecular clouds. The grains were assumed to be coated with 
organic refractory icy mantles primarily consisting of H20, CO, C02 , CH30H and H2CO. 
In this case, Sgr B2(N) is likely to be at an earlier evolutionary stage as was suggested by 
Miao et al. (1995) from observations of complex molecules, while Sgr B2(M) is in a more 
evolved stage. In the Sgr B2(N) region, the organic coating of the dust grains is just starting 
to be evaporated and complex molecules are being released into the gas phase with silicon 
still being confined in the grain cores. In the (M) region, the grain mantles have been mostly 
evaporated. Consequently, high temperatures and shocks directly process the grain core 
and release silicon into the gas phase. The result is the enhancement of SiO abundance in 
Sgr B2(M). 
Most recently, the SiO v = 0, J = 6-5 transition at a rest frequency of 260.51764 GHz 
was observed toward both Sgr B2(N) and (M) by Nummelin et al. (1998) using SEST with 
a beam size of about 20". Toward (N), SiO was detected in emission with a non-Gaussian 
profile and a peak brightness temperature of"' 2.5 K was observed. Toward (M), a double-
peak non-Gaussian profile in emission was also observed. The 2.5 K peak intensity observed 
toward (N) can be attributed to the extended envelope since this brightness temperature 
is consistent with an excitation temperature of 5 K or less proposed by Peng et al. (1995) 
for the envelope. Although it is possible that the emission from (N) originated from a 
gas component inside the core, this is unlikely to be the case due to the following reason. 
The self-absorption feature toward (M) suggests the upper J = 6 level is populated in the 
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Table 4.2: List of the observed C2H3CN and C2H5CN transitions 
Molecule Transition a Frequency Eupper 
J~, K' - J1<-1K+1 (GHz) (K) 
-1 ±1 
C2H3CN6 91 9 - 81 s 83.207515 22.15 , , 
C2HsCNc 10110 - 91 9 , , 86.819851 24.07 
a Primes denote the upper level quantum numbers 
b A=49,850.70 MHz, B=4,971.21 MHz, C=4,513.83 MHz, µa=3.68 Debye, 5=8.888 (Gerry 
et al. 1979) 
c A=27,663.69 MHz, B=4,714.15 MHz, C=4,235.04 MHz, µa=3.85 Debye, 5=9.896 (Lovas 
1982) 
envelope. Therefore, the self-absorption feature should also be observed toward (N) if the 
emission comes from the core. However, no such feature was noticed. Thus, this result 
further supports an underabundance of SiO in the Sgr B2(N) core. 
To understand the nature of star formation and chemistry in the Sgr B2 cores (M) and 
(N), it is necessary to investigate them with very high spatial resolution. Interferometric 
observations at 3 mm are particularly important since both continuum and molecular line 
emission can be used to probe dense core regions. 
We carried out the observations of C2H3CN and C2H5 CN toward Sgr B2 with the 10-
element BIMA Array with the km-long baseline configuration, which gave a uv-coverage 
ranging from 10 k,\ to 520 k,\. The resulting naturally-weighted synthesized beam was 
1.2"x0.5". The 91,9-81,8 C2H3CN transition has a rest frequency of 83.207515 GHz (Gerry, 
Yamada, & Winnewisser 1979), while the 101,10-91,9 C2H5CN transition is at 86.819851 GHz 
(Lovas 1982). Molecular parameters for these two species are listed in Table 4.2. 
56 
4.5.1 Overview 
A naturally-weighted 85 GHz continuum map of the Sgr B2 region is shown in Figure 4.6. 
Our observed continuum emission peaks appear to coincide with the Gaume et al. (1995) 
ultra-compact H II region peak positions B, E, F, G, I and K. L is also detected above the 
5a level at its peak position. In Sgr B2(N), source Kl is unresolved; K2 and K3 are resolved 
and K4 is marginally resolved. In Sgr B2(M), F is barely resolved into Fl, F2, F3, and 
F4. B and I are resolved while E and G remain unresolved. Table 4.3 shows a list of the 
the peak positions, intensities and flux densities of the identified individual sources, along 
with their flux densities observed at 14.9 GHz (Gaume & Claussen 1990) and at 22.4 GHz 
(Gaume et al. 1995). All flux densities are listed in janskys and peak intensities are listed 
in Jy beam-1 . Beam sizes for each observation as well as source sizes for each region are 
shown in parentheses. 
The C2H3CN and C2H5CN emission was detected only toward Sgr B2(N). No line emission 
was detected above a 3a limit in (M). Figure 4. 7 shows contour maps of integrated emission 
for both molecules at a resolution of 1.8" x 0.8" and spectra toward the continuum peak. The 
integrated C2H3CN emission appears to be centered at K2 while the C2H5CN emission peaks 
east and west of K2. These are the highest angular resolution observations ever reported for 
C2H3CN and C2H5CN. Given the distance to Sgr B2of7.1 kpc (Reid et al. 1988), an angular 
resolution of 0.8" corresponds to a physical scale of"-' 6000 AU, only one-tenth of the size of 
the Oort cloud. Figures 4.8( a) and 4.8(b) are position-velocity diagrams which demonstrate 
a NW-SE velocity gradient observed in both the C2H3CN and C2 H5CN emission. 
4.5.2 Continuum emission 
Both free-free emission from ionized gas in H II regions and dust emission can contribute to 
the 3 mm continuum emission. We compared the flux densities measured at 85 GHz with 
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those at 22.5 GHz and 15 GHz measured by Gaume & Claussen (1990) and Gaume et al. 
(1995) as listed in Table 4.3, and found that free-free emission can account for the observed 
3 mm continuum emission from all regions except K2 and F. 
At K2, the continuum emission appears to be more extended than the observed size of the 
H II region at 22.5 GHz. We found the extended flux 0.56 Jy can be attributed to optically 
thin dust emission, and we estimate the H2 column density from the following equation 
(4.2) 
where mH2 is the molecular hydrogen mass, a is the grain size, p9 is the grain density. X is the 
dust-to-gas mass ratio, Sv is the measured flux density, and D is the solid angle subtended 
by the source. B is the Plank function, Td is the dust temperature, and Qv is the dust 
emissivity, which can be expressed in proportion to vf3 (Harvey et al. 1974; Erickson et al. 
1977). Given /3 between 2 and 3.7, a dust temperature of 200 K (Hiittemeister et al. 1993), 
and a distance to Sgr B2 of 7.1 kpc, we found that the H2 column density at K2 ranges 
between 2.3x1025 cm-2 and l.2x1026 cm-2 with a total mass between 4x103 M0 and 2x104 
M 0 . This core mass estimate appears to be comparable to the mass found by Carlstrom & 
Vogel (1989) and Lis et al. (1993). Assuming a spherical source, it implies a volume density 
as high as 8x107 cm-3 to 4x108 cm-3 . 
The contribution of dust emission at 3 mm for source F is less certain due to the com-
plexity of this region. F is resolved into Fl, F2, F3, F4, and six other small individual 
components at 22.4 GHz (Gaume et al. 1995). Recent observations at 7 mm with the VLA 
by De Pree et al. (1998) further resolved Fl, F2 , F3 and F4 into rv 20 separate ultra-
compact H II regions. We found that a flux density of 1.44 Jy can be attributed to dust in 
F. Assuming a temperature of 200K and using a /3of1.7 (Kuan et al. 1996), we estimate a 
column density of H2 of 2.7x1025 cm-2 and a core mass of 8x103 M 0 toward the F region. 
The core mass results in a volume density of ,......, 108 cm-3 if a spherical core is assumed. 
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This high density seems to support pressure confinement of ultra-compact H II regions in 
Sgr B2(M), as proposed by De Pree et al. (1998). 
The millimeter wavelength flux in the Sgr B2 region is subject to contamination from 
the high spectral density of weak molecular emission lines. We estimate an upper limit of 
15% contamination for our data. 
Both the C2H3CN and the C2H5CN emission shows evidence for a NW-SE velocity gradient. 
Indeed, Miao & Snyder (1997) observed very broad C2H5CN emission with 55 km s-1 FWZI. 
The velocity gradient structure is clearly illustrated in the position-velocity diagram cut along 
the axis of greatest velocity gradient (P.A.=120°) through the continuum peak, as shown in 
Figure 4.8. The two prominent lobes in C2H3CN emission suggest that either a thin rotating 
torus or a collimated bipolar outflow with its dynamical center lying nearly at K2 can account 
for the observed feature. However, C2H5CN emission shows a strong component at the core 
systemic velocity of 63 km s-1 along the cut, in addition to the two high velocity lobes. 
Combined with other evidence like high velocity wings observed in C2H5CN up to 25 km s-1 
relative to the ambient cloud (Miao & Snyder 1997), and similar signatures observed in other 
molecules, this may argue against a rotating configuration along the NE-SW ridge but for 
outflow motions for the red and blue lobes. If C2 H3CN and C2H5 CN trace outflow gas, the 
estimated outflow age will be ,....., 104 years, similar to that found by Lis et al. (1993). 
Another C2H5 CN clump at 75 km s-1 was observed 5" north of the K3-Kl ridge in the 
integrated emission map (Figure 4.7b). Miao et al. (1995) observed two C2H5CN velocity 
components, one at 63 km s-1 and another at 75 km s-1 . In addition, the emission peak for 
the high velocity component from 70 km s-1 to 93 km s-1 in their lower angular resolution 
map is located further north. Therefore, this clump may be a high density core of the 
75 km s-1 component seen by Miao et al. 
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Table 4.3: Continuum flux density in Sgr B2 
Source R.A. Dec. 14.9GHza 22.4GHzc 
(J2000) (1.0" x 0.811 )b (0.27" x 0.23") 
Flux Density Flux Density 
(Jy) (Jy) 
Sgr B2(N) 
Kl 17:47:19.789 -28:22:20.592 0.16 (1" x 1.5") 0.24 (0.6"x0.5") 
K2 17:47:19.878 -28:22: 18.385 0.02 (u) 0.06 (0.5"x0.3") 
K3 17:47:19.898 -28:22:17.084 0.11 (u) 0.19 (0.3"x0.4") 
K4 17:47:20.022 -28:22:04.674 0.21 (1.5") 0.40 (1" x l") 
Sgr B2(M) 
B 17:47:19.917 -28:23:02.883 0.28 (0. 7") 0.33 (0.9"x0.7") 
E 17:47:20.099 -28:23:08.770 0.19 (0.7"x0.4") 0.40 (1.4") 
Fl 17:47:20.117 -28:23:03.968 0.43 (1.0"x0.811 ) 0.6 ( 0.6" x 0.4") } 
F2 17:47:20.167 -28:23:03.565 0.33 (0.9"x0.5") 0.23 (0.5" x0.4") 
F3 17:47:20.177 -28:23:04.664 0.48 (0. 7") 0.9 (0.4" x0.5") 
F4 17:47:20.217 -28:23:04.161 0.16 (u) 0.24 (0.4" x0.4") 
G 17:47:20.287 -28:23:02.956 0.11 (u) 0.19 (0.4"x0.3") 
I 17:47:20.378 -28:23:05.149 3.4 (7" x 5") 5.10 (l"x3") 
Gaume and Claussen (1990) 
b Dimensions in parentheses denote the beam size or the source size 
c Gaume et al. (1995) 
d "u" denotes an unresolved source 
85 GHz 
(1.2"x0.5") 
Peak Intensity Flux Density 
(Jy beam-1) (Jy) 
0.06 0.08 (u)d 
0.34 0.90 (3.2" x 2.8") 
0.24 0.33 (2.411 x2.4") 
0.08 0.14 (1.8"xl.2") 
0.15 0.36 (1.6" x 1.2") 
0.09 0.10 (u) 
1.51 4.38 (4.8"x3.2") 
0.20 0.23 (u) 
0.16 1.55 ( 4.211 x5.2") 
a 
4.5.4 Grain Chemistry 
Using equation (2.1) and adopting a rotation temperature of 200 K, we derived a mean 
column density for C2H3CN of l.8xl017 cm-2 and for C2H5CN of 2.2x1017 cm-2 in a 3"x3" 
region, while the peak column densities are 3.1x1017 cm-2 for both C2H3CN and C2H5CN. 
We note that these estimates may only represent lower limits for the following reasons: 
1. The optically-thin assumption may be invalid in the line core, which results in an 
underestimation. 
2. The excitation temperature may be as high as 450 K, as indicated by Acord, Veal, & 
Snyder (1999). 
3. There is some fraction of extended flux resolved out. 
The derived column densities for C2H3CN and C2H5CN toward Sgr B2 are higher than values 
obtained from past observations, and it indicates the distribution of these species is highly 
concentrated toward the core region. 
It has been suggested that C2H5CN can be formed by successive ion-molecule processes, 
but mostly by hydrogenation of HC3 N on dust grains (Blake et al. 1987). Caselli et al. 
(1993) showed C2H5CN as one of the main surface species synthesized on dust grains both 
in the core and in the compact ridge in their dynamical-chemical model of a collapsing cloud 
for studying the chemical differentiation between the Orion hot core and compact ridge. At 
the end of the collapse phase, C2H5CN becomes the most abundant species on grain surfaces 
in the hot core. Our results fit in the framework of dust chemistry models. The proximity 
of the H II region K2, a dense dust core and C2H3CN and C2H5CN molecular emission from 
(N-LMH) indicates recent star formation and grain mantle evaporation. The exciting star 
for the H II region K2, which also appears to be the dynamical center for molecular emission, 
is likely to be the heating source for grain mantle evaporation. However, it is also possible 
that another stellar object embedded in the dust core is responsible. 
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Figure 4.8: Position-velocity plots of emission from the C2H3CN 91,9-81,8 and 
C2HsCN 101,10-91,9 transitions toward Sgr B2(N). A cut through a(J2000)=17h47m19_888 , 
c5(J2000)=-28°22'18.4" with a position angle of 120° is used. The ordinate is LSR velocity 
in km s-1, and the abscissa indicates offset in units of arcseconds. (a) C2H3CN is shown 
in contour plots with levels of 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the peak 
emission intensity (0.65 Jy beam-1), while C2H5CN emission is shown by the grey scale. (b) 
C2H5CN is shown in contour plots with levels of 20%, 30%, 40%, 50%, 60%, 70%, 80%, and 
90% of the peak emission intensity (0.67 Jy beam-1), while C2H3CN emission is shown by 
the grey scale. 
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A feature worth noticing is the distribution of C2H3CN and C2H5CN emission. C2H3CN 
is preferentially observed in the outflow while C2H5CN exists in the ambient component as 
well as further out in the outflow. It appears that C2H5CN is processed into C2H3CN in 
shock regions presumably caused by outflows. In contrast, the other component of C2H5CN, 
at the core systemic velocity of 63 km s-1 , remains mostly unaltered. Fractional abundances 
of C2H3CN and C2H5CN to H2 are difficult to determine in this case since the molecular 
hydrogen content in the outflow is unknown. If we use the total NH2 estimated from dust 
emission, both Xc2H 3 cN and Xc2H 5cN will be "" 10-3 . 
Chapter 5 
Ooncluding Comments and Future 
Work 
In this chapter, I summarize the progress accomplished in this dissertation study, and show 
preliminary results from new observations. The prospects for future observations are dis-
cussed. 
We conducted an HCOOH survey and successfully detected HCOOH toward three molec-
ular cores. This is the first set of HCOOH data from interferometric observations. The results 
showed high column densities of HCOOH gas in the hot cores. The HCOOH was possibly 
released from dust mantles. Differentiation in the column density ratios between various 
molecules such as HCOOH and C2H3CN or HCOOCH3 and C2H3CN in different sources 
may be an indicator of different epochs in the mantle evaporation process. Furthermore, 
as shown in Figure 5.1, spectra taken toward G34.3+0.2 and W3(H20) cores in our survey 
sample are also very suggestive. These spectra show clear detections of C2H3CN, but more 
importantly, they suggest possible detections of the HCOOH 40,4 - 30,3 transition in these 
two regions. Our results and results by Schutte et al. (1995, 1999) and Nummelin et al. 
(1998) seem to indicate the ubiquitous existence of HCOOH in dense molecular cores in 
either solid or gas phase. 
Most recently, Charnley (1999) has suggested that HCOOH can play an important role 
in the formation of CH3COOH and NH2CH2COOH in hot molecular cores. He indicated 
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that the observed acetic acid abundance can be accounted for by exothermic methyl cation 
transfer reactions in the following sequence 
Furthermore, if a particular analogy of the above alkyl group transfer reaction (the 
exothermic transfer of the aminomethylene group in NH2 CH20Hi to neutral molecules) 
can occur via water elimination, and at a rate of at least a few times 10-11 cm3s-1 , then hot 
cores may synthesize glycine in the sequence 
Based on this theory, our HCOOH results can lead to a meaningful search for CH3COOH 
and NH2CH2 COOH in these sources. Future observations of HCOOH with better sensitivi-
ties will definitely expand the HCOOH source list and more extensive searches for CH3COOH 
and NH2CH2COOH can be conducted. 
A series of (NH2)2CO, CH3COOH, and NH2CH2COOH transitions have been sought 
toward Sgr B2 and Orion although there is no positive identification so far. With newly 
calculated frequencies, further searches for CH3COOH and NH2CH2COOH will be continued. 
For example, we have proposed to observe the NH2 CH2 COOH transitions listed in Table 5.1 
toward Sgr B2(N-LMH). The.newly proposed observations will have the following advantages 
compared to previous attempts: 
• First, these transitions are expected to give stronger line intensities. The expected 
peak line intensity is proportional to Sv3 for a fixed total column density. Since the 
selected transitions are between high J levels in their lowest K_1K+1 states, their 
higher frequencies and larger intrinsic line strengths should result in a gain factor of 
rv 40 in peak intensities over those of transitions in the 3 mm band. The line intensity 
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Figure 5.1: Spectra of tentative HCOOH detections toward G34.3+0.2 and W3(H20). The 
upper panel shows the spectrum of G34.3+0.2 with tentative detection of the HCOOH 
40,4 - 30,3 transition with a rest frequency of 89.57917 GHz. The systemic velocity V1 sR of 
G34.3+0.2 is 55 km s-1 . The lower panel shows the spectrum of W3(H20) with tentative 
detection of the same HCOOH transition. The systemic velocity V1 sR of W3(H20) is -48 
km s-1 . 
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Table 5.1: NH2CH2COOH transitions for the proposed observations 
Molecule Transition 
J'(K'_ 1 K~1 ) - J(K-1K+1) 
Frequency 
(GHz) 
247.18895 
253.00467 
258.81998 
Eupper 
(K) 
257.9 
270.0 
282.5 
is also proportional to exp(-Eu/T), which implies the high excitation energies for the 
selected J transitions will reduce the expected line intensities. We estimate a reducing 
factor of,..._, 3 if the hot cores such as Sgr B2(N) have a temperature of 200 K. In this 
case, we can anticipate signals stronger by an order of magnitude overall. 
• Second and more crucially, we have cross-checked our rest frequency lists with recent 
survey results by Nummelin et al. (1998). As shown in Chapter 3, our previous 
attempts were severely harmed by blended spectral features. It is therefore very im-
portant to pick out target transitions located in the cleanest spectral window available. 
New observations are optimized in minimizing possible interference from interlopers. 
We have focused on investigating the properties of molecular cores in the Sgr B2 region. 
Sgr B2 is one of the most studied molecular clouds in the Galaxy, and nearly half of the 
known interstellar and circumstellar molecules were initially identified in this region. Both 
interstellar HCOOH and CH3COOH were first identified in this region. 
Results from the SiO observations showed Sgr B2(M) has a SiO fractional abundance five 
orders of magnitude greater than that in dark clouds. This enhancement of SiO abundance is 
likely due to the destruction of dust grains in outflow gas associated with (M). The absence of 
SiO emission toward Sgr B2(N) is attributed to a chemical differentiation between Sgr B2(N) 
and Sgr B2(M). An earlier evolutionary stage of Sgr B2(N) may result in the low abundance 
of SiO but high abundances of complex molecules in the gas phase. 
High resolution observations of C2H3CN and C2H5CN toward Sgr B2(N-LMH) show 
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unprecedented high column densities of these two species in the core region. The bipolar 
structures of emission from both molecules indicate that the compact H II region K2 or some 
embedded source nearby in Sgr B2(N) may be the power source responsible for these outflows 
and mantle evaporation. Most significantly, the spatial resolution achieved corresponds to 
the size of a solar nebular (Oort cloud) at the distance of the galactic center. 
Follow-up observations of C2H5CN in the 1 mm band toward Sgr B2(N-LMH) have been 
carried out. The observed transition is C2H5CN 252 23 - 242 22 at 228.4831 GHz with an 
' ' 
excitation temperature of 146.6 K. Channel maps of C2H5CN 252,23 - 242,22 emission are 
shown in Figure 5.2, where C2H3CN and C2H5CN emission in the 3 mm band reported in 
Chapter 4 is convolved to a similar spatial resolution and overlaid. A velocity gradient (with 
lower velocity features on the SE side of K2 and higher velocity features on the NW side) 
is clearly observed in the 1 mm transition. As previously suggested from the 3 mm high 
resolution observations, a second component at a velocity of 75 km s-1 located 5" north of 
K2 was confirmed from the 1 mm channel map. 
As we have demonstrated, C2H3CN and C2H5CN act as good tracers to study the hot core 
structure since the two species exist presumably only in hot cores and their dipole moments 
are intrinsically strong. On the other hand, the observed abundances and distributions of the 
two species also should aid further understanding of the detailed pathways in their formation. 
In fact, observations of the same set of C2H3CN and C2H5CN transitions in both the 
3 mm and 1 mm bands used in the Sgr B2(N) observations were also carried out toward 
Orion KL in 1998 and 1999. Channel maps with similar resolution for all three transitions of 
C2H3CN 91,9 -81,s, C2H5CN 101,10 -91,9 and C2H5CN 252,23 - 242,22 are shown in Figure 5.3. 
Preliminary results indicate C2H5CN emission breaks into several components. No spatial 
correlation between the C2H3CN/C2H5CN distribution and dust continuum or IR source was 
found. 
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Figure 5.2: Channel maps of C2H3CN and C2H5CN emission from Sgr B2(N). C2H3CN 
91,9 - 81,s, C2H5CN 101,10 - 91,9, and C2H5CN 252,23 - 242,22 emission is shown in blue, 
red, and green contours, respectively. Synthesized beams for three transitions observed are 
convolved to similar sizes, as shown at the bottom left corner of each panel. The LSR velocity 
is labeled at the top left. 
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Figure 5.3: Channel maps of C2H3CN and C2H5CN em1ss10n from Orion KL. C2H3CN 
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This dissertation focused on collecting observational data to reach a better understanding 
of the hypothesis of an extraterrestrial origin for prebiotic material. We are interested in 
investigating the chemistry in interstellar molecular clouds, which may be parent clouds for 
planetary formation. Most recent studies of comet Hyakutake and Hale-Bopp have strength-
ened the evidence for connections between interstellar material and pre-solar nebula (Irvine 
1999). More detailed chemical models of molecular evolution in protoplanetary disks have 
also been proposed (Aikawa et al. 1997, 1999). With technology advancements, instru-
ments with better sensitivities and higher angular resolution at millimeter and submillime-
ter wavelengths will be constructed. From dense cores down to planetary systems, detailed 
observations of such objects at different evolutionary stages will no longer be formidable. 
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ABSTRACT 
We presen~ .BIMA (Berkeley-Illinois-Maryland Association) array observations of the SiO v = O, 
J = 2-~ transttton toward the Sgr B2 star formation region. The observations have angular and spectral 
resolutions of 4':5 x 9':8 (ix x o) an~ 1.35 ~ ~-i, respectively. Emission from the Sgr B2(M) region indi-
cates the presence of an outflow with velocrttes up to 30 km s- 1. The derived outflow mass is 210 M assu~ing an SiO ~rac!ional abundance ?f 10- 1• No emission was detected from the Sgr B2(N) regio:, 
possibly because StO ts underabundant m the Sgr B2(N) core. SiO absorption is observed toward both 
the Sgr B2(M) and B2(N) continuum sources. This absorption probably results from the extended low-
density envelope of the Sgr B2 cloud. 
Subject headings: Galaxy: center - ISM: individual (Sagittarius B2)- ISM: jets and outflows -
ISM: molecules 
1. INTRODUCTION 
Sgr B2 is one of the most well-studied star formation 
regions in the Galaxy. Studies show about 60 compact and 
ultracompact H II regions (Gaume et al. 1995) and intense 
molecular masers (e.g., Kobayashi et al. 1989; Gaume & 
Claussen 1990; Mehringer, Goss, & Palmer 1994· Shiki 
Ohish!, & ?egu~hi 1997). There are two major star-formin~ 
cores m this region: Sgr B2(M) and Sgr B2(N). There is also 
evidence that massive outflows are associated with these 
two cores (Vogel, Genzel, & Palmer 1987; Lis et al. 1993; 
Mehringer 1995; Kuan & Snyder 1996). Outflow activity is 
associated with the early stages of star formation· hence the 
process is of great interest. ' 
The SiO molecule is thought to be a good tracer of 
outflow activity. SiO emission is often observed in massive 
star-forming regions (Downes et al. 1982; Ziurys & Friberg 
1987). In contrast, it has not been detected in cold dark 
clouds (Ziurys, Friberg, & Irvine 1989). Several chemical 
models have been proposed to explain the enhancement of 
SiO in the gas phase within these star-forming regions. In 
shock chemistry models, Si+ is converted into SiO very 
efficiently in the gas phase in regions behind high-velocity 
shoc~s ~eufeld & Dalgarno 1989). Recently, SiO pro-
duction m molecular outflows was modeled using sputter-
ing of Si-bearing materials in both the cores and mantles of 
grains; the sputtering is driven by neutral particle impact on 
charged grains in C-type shocks (Schilke et al. 1997). Alter-
natively, high-temperature chemistry has also been pro-
posed to explain the observed temperature dependence of 
SiO abundance (Langer & Glassgold 1990). These models 
suggest SiO formation favors regions near outflows where 
both shocks and high-temperature material are present. 
Therefore, observations of SiO toward Sgr B2(M) and Sgr 
B2(N) are likely to provide information on the outflow 
process. 
SiO observations toward Sgr B2 have been conducted as 
part of molecular line surveys using single-element tele-
scopes. Turner (1989) detected the v = 0, J = 2-1 SiO line 
1 Current address: California Institute of Technology, MC 320-47, 
Pasadena, CA 91125. 
2 Current address: Lucent Technologies, P.O. Box 3033 Naperville 
IL 60566-7033. ' ' 
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in a spectral line survey toward Sgr B2(0H) using the 
NRAO 11 m telescope. A double-peaked emission-line 
profile was observed. Haschick & Ho (1990) surveyed 
several Galactic H II regions in the SiO v = 0, v = 1, and 
v = 2, J = 1-0 lines with the Haystack 36.6 m antenna. 
Eleven sources including the Sgr B2 region were detected in 
v = 0, J = 1-0 emission. The line profile toward Sgr B2(M) 
shows an absorption line with FWHM of 20 km s- 1 super-
posed on an emission line with 50 km s - 1 FWHM. A 
similar profile was also observed in the CS J = 2-1 line 
toward the Sgr B2(M) region with the BIMA array3 
(Mehringer 1995). Based on his CS data, Mehringer con-
cluded that the Sgr B2(M) core is associated with an 
outflow and the foreground (less dense) envelope of the Sgr 
B2 molecular cloud is responsible for the absorption 
feature. Recently, the v = 0, J = 2-1 line of the isotopomer 
29Si0 ":'as observed by Peng, Vogel, & Carlstrom (1995) in 
absorpt10n toward the Sgr B2(M) and B2(N) regions with 
the BIMA array. The 29Si0 results will be discussed further 
in§ 3.2.3. 
In this paper, we present BIMA array observations of the 
SiO v = 0, J = 2-1 line toward Sgr B2. The SiO emission is 
observed to trace the Sgr B2(M) outflow. The SiO fractional 
abundance may be as high as 10- 7 in this region. Only 
absorption is detected toward Sgr B2(N). 
2. OBSERVATIONS 
The observations were conducted in 1994 February, 1994 
May, and 1995 May using the six-element BIMA array. 
Data were taken with the A and B configurations in 1994 
February and with the C configuration in both the 1994 
May and 1995 May sessions. The system temperatures typi-
cally ranged between 400 and 1000 K. The pointing posi-
tion was coincident with the continuum source Sgr B2(N) at 
ix(J2000) = 17h47m20•, o(J2000) = -28°22'17". The rest fre-
quency of the SiO J = 2-1 (v = 0) line is 86,846.998 MHz 
(Lovas 1992). The spectral window containing the SiO line 
has a bandwidth of 50 MHz (173 km s- 1) and is divided 
into 128 channels for a spectral resolution of 0.39 MHz 
• 
3 Operated by the Un.iversity of California, Berkeley, the University of 
lllm01s, and the Umvemty of Maryland with support from the National 
Science Foundation. 
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Fm. 1.-Continuum image of Sgr B2 at 86.8 GHz. The resolution is 
4~5 x 9~8 (P.A. = 6'.1). The beam size is shown at the lower right. The 
contour levels arc 0.3, 0.6, 0.9, 1.2, 1.5, 1.8, 2.1, 2.4, 2.7, 3.0, and 3.3 Jy 
beam - •.This image has not been corrected for primary beam attenuation; 
the main component B2(M) is located near the half-power radius. The rms 
noise is -50 mJy beam-•. 
(1.35 km s- 1). Calibration of the complex antenna-based 
gains was carried out using the unresolved extragalactic 
source NRAO 530. Mars and Jupiter were used as flux 
density calibrators in 1994 and 1995, respectively. The 
bandpass responses were calibrated using 3C 273. The data 
were combined, imaged, and self-calibrated using the 
MIRIAD4 software package of the BIMA consortium. The 
naturally weighted synthesized beam has a size of 4':5 x 9':8 
with P.A. = 6?1. The typical rms noise is 50 mJy beam- 1 in 
a line-free channel and 80 mJy beam - 1 in a channel with 
significant signal. The conversion factor between specific 
intensity and brightness temperature is 0.27 Jy beam - 1 
K-1. 
3. RESULTS AND DISCUSSION 
3.1. Overview 
An 86.8 GHz continuum image of Sgr B2 made from 
line-free channels is shown in Figure 1. The northern region 
is Sgr B2(N) and has a flux density of 4.9 Jy. The flux density 
of the southern region, Sgr B2(M), is 12 Jy when corrected 
for primary beam attenuation. The 3 mm Sgr B2 continuum 
emission has been discussed in detail by Kuan, Mehringer, 
& Snyder (1996). 
4 The MIRIAD data reduction package of the Berkeley-Illinois-Mary-
land Association is supported at the Laboratory for Astronomical Imaging 
by funding from NSF grant AST 96-13999 and the University oflllinois 
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SiO J = 2-1 line emission is detected toward Sgr B2(M) 
while absorption is detected toward both the Sgr B2(N) and 
B2(M) regions. Channel images are displayed in Figure 2. In 
this figure, the velocity resolution is 2.7 km s- 1 over a lisR 
range of 45-85 km s- 1. The spectra toward Sgr B2(N) and 
B2(M) are shown in Figures 3a and 3b, respectively . 
3.2. Sgr B2(M) 
3.2.1. SiO Column Density 
Toward Sgr B2(M), emission with velocities up to 30 km 
s- 1 relative to the ambient material at VLsR = 65 km s - l 
suggests the presence of an energetic outflow. Self-
absorption at 65 km s - l with width 20 km s - 1 is likely due 
to the extended, lower density envelope surrounding the hot 
core. If the excitation temperature of the absorbing gas is 
small compared to the brightness temperature of the contin-
uum source, the apparent optical depth -r for an absorption 
line is given by 
(1) 
where TL and Tc are the observed line and continuum tem-
peratures. The apparent optical depth spectra of SiO 
absorption toward B2(M) and B2(N) are shown in Figures 
4a and 4b. The slightly asymmetric spectral shape in B2(M) 
indicates that there may be more than one velocity com-
ponent. In the line core between VLsR = 60 and 70 km s - 1, 
the optical depth clearly exceeds 4. The absorption feature 
at VLSR = 5 km s- 1 has been observed by Greaves et al. 
(1992) and is also present in the spectra of other species such 
as CS (Mehringer 1995) and H 2CO (Mehringer, Palmer, & 
Goss 1995). It is attributed to absorption from a cloud lying 
along the line of sight, which is not physically associated 
withSgrB2. 
The structure of the Sgr B2(M) outflow gas appears to be 
complex. The emission features show clumpy structures and 
span an area approximately 50" by 30", which is 1.7 
pc x 1.0 pc in linear scale for a distance of 7.1 kpc from 
Earth (Reid et al. 1988). An image made by integrating over 
spectral channels of the redshifted and blueshifted emission 
is shown in Figure 5. Emission from the red lobe is inte-
grated from 78.7 to 98.9 km s- 1 and is represented by solid 
contours, while that from the blue lobe is integrated from 
38.3 to 58.5 km s - l and is represented by dashed contours. 
The blue lobe appears more extended (28" x 14", or 1.0 
pc x 0.5 pc) and two prominent peaks are present north 
and northwest of Sgr B2(M). The red Jobe peaks north of 
Sgr B2(M). Positions of the H II regions (A1, A2, B-F, Y, and 
Z) observed by Gaume et al. (1995) are also shown in the 
plot. 
Assuming that the material is in LTE at the rotation 
temperature T,, and the line emission is optically thin, the 
SiO column density can be calculated from 
N(cm-2) = 2.04 x 1020 J M(Jy beam-1)dv(km s-1) 
IJ a 1Jb(arcsec2) 
(2) 
where IJ. and IJb are the FWHM major and minor axes of 
the synthesized Gaussian beam, Q, is the rotational parti-
tion function, E. is the energy of the upper level, vis the rest 
frequency of the transition, S is the line strength, and µ is the 
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Fm. 2.-Channel images of the SiO J = 2-1 transition in Sgr B2. The resolution is 4'.5 x 9':8 (P.A. = 6'.l). The LSR velocity in km s- 1 is labeled in each 
panel. Contour levels are at -3, -2.4, -1.8, -1.2, -0.6, 0.2, 0.4, 0.6, and 0.8 Jy beam- 1• Dashed contours represent negative intensities. Therms noise is 
typically 80 mJy beam- 1 (0.3 K) per spectral channel at a resolution of2.7 km s- 1. The image has not been corrected for primary beam attenuation. 
dipole moment (Miao et al. 1995). In the current study 8. = 
9':7, Ob = 4~5, E. = 6.25 K, v = 86.847 GHz, S = 2, and 
µ = 3.1 D. If T, ~ hB/k where B is the SiO rotational con-
stant, Q, can be well approximated by Q, = kT,/(hB). For 
the SiO molecule, B = 21,787 MHz (Lovas & Krupenie 
1974); therefore, this approximation holds if T, ~ 1 K. 
Finally, T, needs to be known. Unfortunately, the rotation 
temperature of the outflow gas is not well determined. We 
adopt T, = 150 K (Hiittemeister et al. 1993). Table 1 sum-
marizes the physical parameters of the outflow. Peak posi-
tions for the red and blue lobe are given in 12000 
coordinates. Integrated intensities toward these peak posi-
tions are 23 and 18 Jy beam- 1 km s- 1• From equation (2), 
the peak SiO column densities were found to be 13 x 1014 
and 10 x 1014 cm- 2 • The mean SiO integrated intensity of 
the redshifted emission (red lobe) was taken over a region of 
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28" x 26" while that of the blueshifted emission (blue lobe) 
was taken over a region of 30" x 26". The resulting mean 
column densities were 5 x 1014 and 6 x 1014 cm- 2 , respec-
tively. The mean molecular hydrogen column density of the 
outflow gas can be estimated if the fractional abundance of 
SiO, Xsio• is known. A value of Xsio ~ 10- 7 was obtained 
toward Orion KL, which is also a massive star-forming 
region with an associated outflow (Ziurys & Friberg 1987). 
By adopting this value in our analysis, we have derived H2 
column densities of 5 x 1021 cm- 2 in the redshifted and 
6 x 1021 cm- 2 in the blueshifted outflow gas. For a dis-
tance of 7.1 kpc to the Sgr B2 region, the two outflow 
components were found to have comparable masses of 
~ 100 and 110 M 0 , respectively. However, since self-
absorption is observed at velocities between 55 and 75 km 
s-1, SiO emission at these velocities from the outflow gas 
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Flo. 3.-{a) Spectrum of the SiO J = 2-1 transition toward Sgr B2(M) averaged over a region of size 31" x 31" centered at o(J2000) = 17•47m20', 
c5(J2000) = -28°22'56". Velocities are with respect to the LSR. The spectral resolution is 1.35 km s - 1• The intensity scale has not been corrected for primary 
beam attenuation. (b) Same as (a) but toward Sgr B2(N) averaged over a region of 10" x 18". 
may be absorbed by the extended envelope. Hence, the mass 
given above will represent only a lower limit.(§ 3.2.3) 
the blue and red peaks, respectively. The peak intensities 
correspond to 18 and 9 Jy in the 60" beam. The pointing 
position was - 30" southeast of Sgr B2(M). Greaves et al. 
(1992) detected the SiO J = 2-1 transition with the 45 m 
telescope of the Nobeyama Radio Observatory (NRO). A 
similar line profile was observed. Peak intensities toward 
B2(M) are Tmb - 2.5 K (6.2 Jy) and 1.5 K (3.7 Jy) for the 
3.2.2. Comparison to Single-Element Telescope Observations 
The SiO J = 2-1 transition observed by Turner (1989) 
toward Sgr B2 has a double-peaked line profile with the 
equivalent brightness temperature T"Ji of - 0.8 and 0.4 K for 
i 
I 
I 
~ 
·20 
(a) Sgr B2(M) 
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Yi.m (km.-•) 
i 
I 
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120 140 
Flo. 4.-{a) Apparent optical depth spectrum of the SiO J = 2-1 transition from absorption line toward Sgr B2(M) averaged over a region of size 20" x 20" 
centered at o(J2000) = 17•47m20", c5(J2000) = -28°22'56". (b) Same as (a) but toward Sgr B2(N) averaged over a region of 10" x 10". The spectral resolution is 
1.35 km s- 1• One CT error bars arc shown in both panels. 
TABLE 1 
l'HYSICAL PARAMETERS OF THE SiO OUTFLOW 
Parameters 
Peak position: 
<X(J2000) ............................................... . 
c5(J2000) ............................................... . 
Peak integrated intensity (Jy beam_, km s- 1) ..... . 
Peak SiO column density (x 1014 cm- 2) ........... .. 
Mean integrated intensity (Jy beam - 1 km s- 1) .... .. 
Mean SiO column density ( x 1014 cm-2) .......... .. 
H 2 column density ( x 1021 cm - 2 ) ................... .. 
Outflow mass (M 0 ) ................................... .. 
Red Lobe 
174719.9 
-28 22 47 
23 
13 
9 
5 
5 
100 
Blue Lobe 
17 47 20.4 
-28 22 54 
18 
10 
10 
6 
6 
110 
NoTE.-Units of right ascension are hours, minutes, and seconds, and units of decli-
nation are degrees, arcminutes, and arcseconds. 
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FIG. 5.-Spatial distribution of SiO emission toward Sgr B2(M). The solid contours represent the redshifted lobe (integrated from 78.7 to 98.9 km s- 1), and 
the dashed contours represent the blueshifted lobe (integrated from 38.2 to 58.5 km s - 1). Contour levels are at 4, 5, 6, 7, 8, 9, 10, and 11 Jy beam - 1 km s - 1• 
The image bas not been corrected for primary beam attenuation. H II regions observed by Gaume et al. (1995) are labeled. 
blueshifted and redshifted peak in the 20" beam. From 
spectra taken within a 20" diameter region toward B2(M) 
with double-peaked intensities of 5.5 and 3.5 Jy, respec-
tively, we find the BIMA array has detected more than 90% 
of the total SiO J = 2-1 line flux compared to the single-
element telescope result. Thus, only a small portion of the 
SiO emission extends over scales larger than 1' and is 
resolved out by the array. 
3.2.3. Outflow and SiO Abundance 
The existence of outflow activity in the Sgr B2(M) region 
has been suggested by many studies. Vogel et al. (1987) 
observed NH3 with the VLA; they were the first to find a 
north-south oriented bipolar outflow in Sgr B2(M) with 
velocities up to 20 km s- 1• By assuming a standard NH3 
fractional abundance across the Sgr B2 region, they esti-
mated an outflow mass -50 M 0 . Gaume & Claussen (1990) suggested that NH3 may be underabundant toward 
B2(M) and derived a mass of 1050 M 0 for B2(M) based on the 
H2 column density suggested by Goldsmith et al. (1987) 
from their 1.3 mm dust emission study. Lis et al. (1993) 
suggested a possible outflow from the southeast-northwest 
velocity gradient observed in HC3N emission using the 
Owens Valley Radio Observatory (OVRO) millimeter 
array. A mean outflow velocity of 7 km s- 1 and a total 
outflow mass of -250 M 0 were reported. They point out 
that the HC3N emission they detected may be optically 
thick in the line core, which leads to an underestimate of the 
mass. Recently, a north-south oriented bipolar outflow was 
detected in C180 by Kuan & Snyder (1996) and a total 
outflow mass ::; 760 M 0 was derived. From the spectrum in 
their paper, the FWZI of the C180 emission is -30km s- 1• 
Mehringer (1995) suggested that the outflow mass is poss-
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ibly as high as 2000-8000 M 0 from CS J = 2-1 data 
acquired by the BIMA array, although he points out that 
the CS abundance, and hence this mass, is highly uncertain. 
Our results with assumed values of T,. = 150 K and 
XsiD = 10- 7 suggest a total outflow mass of -210 M 0 . 
However, this mass is probably a lower limit for several 
reasons. First, the existence of self-absorption in the spec-
trum of Sgr B2(M) implies absorption of SiO emission by an 
extended molecular envelope. Second, SiO J = 2-1 emis-
sion from the molecular core may be optically thick as sug-
gested by Haschick & Ho (1990). Eleven molecular core/H 
II region complexes, including Sgr B2, have been observed 
by Haschick & Ho (1990) in the SiO v = 0, J = 1-0 emis-
sion line. From their temperature-optical depth analysis, 
they suggest that SiO emission arises from hot, compact 
sources that have associated outflows and that the SiO 
J = 1-0 and J = 2-1 emission lines possibly are optically 
thick. In this case, the assumption of optically thin emission 
in equation (2) is no longer valid, and the derived column 
density is a lower limit. However, the observed SiO emis-
sion is away from the core and only has maximum intensity 
of -0.8 Jy beam- 1• The maximum equivalent brightness 
temperature, T,,, will be - 3.0 K, which is significantly 
smaller than the assumed rotation temperature, T,., of 150 
K. Since T,, = T,. (1 - e-') ifthe gas is in LTE, we will have 
-r - 0.02. Therefore, our optically thin assumption will hold 
unless the emitting gas is highly clumped. Third, the 
adopted fractional abundance is uncertain. Obser-
vationally, it has been suggested that SiO is a good tracer of 
energetic outflows in star-forming regions. Ziurys & Friberg 
(1987) derived an SiO fractional abundance of XsiO - 10- 7 
for material near Orion 1Rc2 and XsiO - 10- 10 in Orion S. 
Outflows have been suggested to be associated with both 
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sources. In contrast, the upper limit of Xsio toward dark 
clouds is found to be -10- 12 (Ziurys et al. 1989). The 
enhanced abundance of SiO in star-forming regions sug-
gests SiO formation favors high-density and high-
temperature regions where shocks are present. Shock 
chemistry models suggest that substantial SiO can be con-
verted from Si+ in the region behind a high-velocity disso-
ciative shock. Alternatively, other gas-phase models 
attribute the formation of SiO to high temperature ( > 30 
K), which is required to excite Si into fine structure levels. In 
these levels, Si combines with 0 2 and OH via neutral reac-
tions to form SiO. 
From the study of 29Si0 absorption, Peng et al. (1995) 
derived a lower limit on X sio of - 5 x 10- 10 in the 
extended envelope of Sgr B2, which is 2 orders of magnitude 
larger than that in dark clouds. They suggest 29Si0 is sub-
thermally excited with a low-excitation temperature ( < 5 K) 
in the envelope because the absorption appears extended 
while no extended high-excitation emission has been 
detected by single-element telescopes. By adopting 1k = 
175 K and n112 = 104 cm- 3 from NH3 observations (Hiittemeister et al. 1993), they found the SiO fractional 
abundance to be greater than 5 x 10- 10. Because the 
observed line width is narrow (10 km s- 1), they attribute 
this SiO enhancement to low-velocity shocks that destroy 
icy grain mantles and cause the release of silicon into the 
gas phase. The proposed low-velocity shocks may be due to 
cloud-cloud collisions in this region, which have been sug-
gested by several studies (e.g., Mehringer et al. 1994, 1995; 
Hasegawa et al. 1994). 
For our current study, the assumed fractional abundance, 
X 510 = 10- 1, appears to give an estimated mass of the 
outflow material consistent with that from other molecular 
observations in the past. However, an overestimate of Xsio 
will result in an underestimate of the derived H2 column 
density and, consequently, an underestimate in the derived 
outflow mass. For example, Acord, Walmsley, & Church-
well (1997) observed several SiO rotational transitions 
toward the ultracompact H II region and outflow source 
G5.89-0.39. Using the SiO v = 0, J = 5-4 and v = 0, 
J = 3-2 data with a canonical [CO]/[H2] abundance ratio, 
they suggested a XsiO - (1-3) x 10- 9 in the outflow gas. 
On the other hand, Wright et al. (1995) mapped the SiO 
v = 0, J = 2-1 transition toward Orion KL, The observed 
line brightness temperature ranges as high as 3000 K, indi-
cating the probable existence of maser emission in this tran-
sition. Indeed, by comparing the SiO v = 0, J = 2-1 line 
flux, it is likely that this maser emission may contribute a 
significant portion of the flux observed by Ziurys & Friberg 
(1987) who derived the fractional abundance, Xsio• of 
-10- 7 toward the Orion region. This will indicate an over-
estimate of SiO fractional abundance and result in a XsiO 
lower than 10- 1• Therefore, if we adopt a Xsio of 10- 9, the 
total outflow mass would be -20,000 M 0 , much higher 
than that suggested by Mehringer (1995). 
Finally, the LTE assumption may be violated since the 
critical density for SiO v = 0, J = 2-1 excitation is -105, 
which can be satisfied in the molecular core region but not 
necessarily the outflow gas. Therefore, we also performed a 
spherical large-velocity-gradient (LVG) approximation to 
derive the SiO abundance. We used the code provided in 
MIRIAD by L. G. Mundy and collisional excitation rates 
by Turner et al. (1992). A kinetic temperature of 150 K near 
the Sgr B2(M) core (Hiittemeister et al. 1993) was adopted. A 
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wide parameter range with H2 volume density between 103 
and 107 cm- 3 and SiO column density between 1012 and 
1016 cm- 2 was tested. The observed SiO line brightness 
temperature of - 3 K placed a lower limit on the SiO 
column density of 1.6 x 1014 cm- 2 in this simplified LVG 
model. At an H2 volume density of -105 cm - 3, the inferred 
SiO fractional abundance is about 1.3 x 10- 9 and the 
resulting H2 column density is 1.2 x 1023 cm- 2, which is 20 
times higher than that derived from the L TE analysis. 
Overall, a fractional abundance ofSiO as high as 10- 7 gives 
a consistent estimate of the outflow mass in Sgr B2(M), 
although a lower abundance of SiO cannot be ruled out. 
3.3. Sgr B2(N) 
Toward Sgr B2(N), only broad SiO absorption was 
observed. The apparent optical depth spectrum is shown in 
Figure 4b. A similar spectrum from the J = 2-1 transition 
of the isotopomer 29Si0 was also obtained by Peng et al. 
(1995) using the BIMA array. Because of the asymmetric 
shape of the observed SiO absorption spectrum, it is likely 
that the absorption results from several velocity com-
ponents. Mehringer et al. (1995) observed at least three 
velocity components in the Sgr B2 region. From the study 
ofH2CO absorption, they identified three features at veloci-
ties near 55, 65, and 80 km s- 1. The observed SiO absorp-
tion feature may represent the blended absorption lines. A 
weaker absorption feature is observed at VLSR = 10 km s- 1. 
This same feature has been observed in absorption in the 4.8 
GHz H2CO data of Mehringer et al. (1995) and the 98 GHz 
CS data of Mehringer (1995) and has been attributed to a 
cloud that is not associated with Sgr B2. 
Previous observations of other molecular species have 
found evidence for outflow activity in Sgr B2(N). Vogel et al. 
(1987) estimated an outflow mass of - 5000 M 0 with 
FWHM velocity of 20 km s- 1 based on their NH3 data. Lis 
et al. (1993) reported an outflow with a mass of 1050 M 0 
and velocities up to 40 km s - 1 from their HC3N obser-
vation. However, no SiO emission associated with the 
outflow was detected from Sgr B2(N) in our study. Greaves 
et al. (1992) detected SiO emission along with absorption 
toward B2(N), which is quite different from our result. 
However, the similarity between their B2(N) and B2(M) line 
profiles suggests that their detection may be contaminated 
by emission from B2(M) in their large beam (20") because 
B2(M) is only -40" away. It is possible that self-absorption 
from the envelope masked the emission from the core in our 
current data. However, the VLsR range of HC3N emission 
observed by Lis et al. (1993) spans up to 100 km s- 1, which, 
according to Figure 4b, should be free from the absorption 
by the envelope. 
Another possibility is that SiO is underabundant in the 
Sgr B2(N) core. Greenberg (1997) modeled the silicate dust 
grains in dense molecular clouds that are coated with 
organic refractory and icy mantles primarily consisting of 
H20, CO, C02 , CH30H, and H2CO. In this case, Sgr B2(N) 
is likely to be at an earlier evolutionary stage as is suggested 
by Miao et al. (1995) from observations of complex mol-
ecules, while Sgr B2(M) is in a more evolved stage. In the Sgr 
B2(N) region, the organic coating of the dust grains is just 
starting to be evaporated, and complex molecules are being 
released into the gas phase with silicon still confined in the 
grain cores. In the B2(M) region, the grain mantles have been 
mostly evaporated. Consequently, high temperatures and 
shocks directly process the grain core and release silicon 
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into the gas phase. The result is the enhancement of SiO 
abundance in Sgr B2(M). 
4. SUMMARY 
Interferometric observations of the SiO v = 0, J = 2-1 
transition toward the Sgr B2 region have been carried out 
with the BIMA array. The angular and spectral resolutions 
are 4':5 x 9':8 (ix x b) and 1.35 km s- 1, respectively. Emis-
sion with FWZI of 70 km s- 1 from the Sgr B2(M) region 
indicates the presence of an outflow. Assuming an SiO frac-
tional abundance of 10- 1, the derived outflow mass is 210 
M 0 with -100 and 110 M 0 of molecular gas contained in 
the redshifted and blueshifted lobes, respectively. The 
derived outflow mass is in reasonable agreement with 
similar estimates from other molecular observations. 
Hence, the assumed SiO fractional abundance is reason-
able, although a lower abundance of SiO cannot be ruled 
out. This SiO fractional abundance is 5 orders of magnitude 
greater than that in dark clouds, indicating a great enhance-
ment of the SiO abundance in the outflow gas. An overesti-
mate of the SiO fractional abundance will result in an 
underestimate of the outflow mass. No SiO emission was 
detected from the Sgr B2(N) region. The absence of SiO 
emission is possibly due to chemical differentiation between 
Sgr B2(N) and Sgr B2(M). A different evolutionary stage of 
Sgr B2(N) may result in the low abundance of SiO in the gas 
phase. SiO absorption is observed toward both the Sgr 
B2(M) and B2(N) continuum sources. These optically thick 
absorption lines probe the extended low-density envelope of 
the Sgr B2 cloud. 
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ABSTRACT 
We present 3 mm continuum and spectral line observations of vinyl cyanide (C2 H 3 CN) and ethyl 
cyanide (C2 H 5CN) toward the Sgr B2 region carried out by the BIMA Array at subarcsecond 
resolution. These are the highest angular resolution observations ever reported for C
2
H
3
CN and 
C2 H 5CN. With an angular resolution of 0':8, we were able to probe physical scales only one-tenth the 
size of the Oort cloud. Toward Sgr B2(N-LMH), the continuum emission is dominated by the K2 
source, where dust emission contributes more than 60% of the 3 mm flux. The C2 H 3CN and C2 H 5CN 
emission reveals outflows in the dense molecular gas around K2, while C2 H 5 CN exists in the ambient 
component as well. The distribution difference appears to indicate that C2 H 5 CN is processed into C2 H 3CN in shock regions presumably caused by outflows. Column densities of C2 H 3 CN and C2 H 5 CN 
are found to be at least 3 times higher than previously reported. Inferred high H 2 , C2 H 3 CN, and C2 H 5 CN column densities indicate that K2 can be the heating source for dust mantle evaporation at 
Sgr B2(N-LMH), the primary site of complex molecules. 
Subject headings: dust, extinction - ISM: abundances - ISM: individual (Sagittarius B2)-
ISM: molecules - radio lines: ISM 
1. INTRODUCTION 
Sagittarius B2 is one of the most studied molecular 
clouds in the Galaxy. To date, centimeter radio continuum 
and recombination-line observations have shown that more 
than 49 ultra- and hypercompact H n regions reside in the 
complex (Gaume & Claussen 1990; Mehringer et al. 1993; 
Gaume et al. 1995; De Pree et al. 1995; De Pree, Goss, & 
Gaume 1998). Hot and dense molecular cores are observed 
in centimeter and millimeter molecular lines (Vogel, Genzel, 
& Palmer 1987; Carlstrom & Vogel 1989; Lis et al. 1993; 
Hiittemeister et al. 1993). Sgr B2(N) and Sgr B2(M) are the 
two densest cores where most H n regions cluster. Both are 
found to have intense molecular masers (Reid et al. 1988; 
Gaume & Claussen 1990; Mehringer, Goss, & Palmer 1994) 
and rotation/outflow motions (Vogel et al. 1987; Gaume & 
Claussen 1990; Lis et al. 1993). These facts indicate the two 
cores have undergone recent star formation. However, 
observations have also shown differences between the Sgr 
B2(N) and Sgr B2(M) cores. Vogel et al. (1987) first pro-
posed that the two cores are at different evolutionary stages 
based on the observed NH3 column density differences. 
Millimeter continuum studies indicated that Sgr B2(N) has 
much stronger dust emission than Sgr B2(M) (Lis et al. 
1993), and dust in Sgr B2(N) may be covered by rich icy 
mantles, as indicated by an unusually high spectral index 
(Kuan, Mehringer, & Snyder 1996). Miao et al. (1995) found 
vinyl cyanide (C2 H 3CN), ethyl cyanide (C2 H 5CN), and 
methyl formate (HCOOCH3 ) in great abundance in Sgr 
B2(N) but not in Sgr B2(M), which supports the idea that 
Sgr B2(N) is in a younger evolutionary stage where large, 
saturated molecular species have evaporated recently from 
grain mantles. In fact, because of its rich chemistry, this core 
has been called the Large Molecule Heimat source [Sgr 
B2(N-LMH)] (Snyder, Kuan, & Miao 1994) and is a pre-
ferred region for searching and studying large complex mol-
ecules, such as, for example, methylenimine (CH2NH) (Dickens et al. 1997) and acetic acid (CH3 COOH) (Mehringer et al. 1997). 
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To further understand the nature of star formation and 
chemistry in these Sgr B2 cores, it is necessary to investigate 
them with higher spatial resolution. Interferometric obser-
vations at 3 mm are particularly important, since both con-
tinuum and molecular line emission can be used to probe 
dense core regions. In this paper we present the first sub-
arcsecond resolution maps of 85 GHz continuum and 
C2 H 3 CN 91 ,9-8 1 ,8 , and C2 H 5 CN 101 , 10-91 , 9 line emission 
toward the Sgr B2 region obtained by the BIMA Array. 1 In 
Sgr B2 (N-LMH), continuum emission is dominated by 
emission at the K2 position, where dust emission contrib-
utes significantly to the 3 mm flux. The emission from 
C2 H 3 CN and C2 H 5 CN reveals outflows of the dense 
molecular gas in the core. The inferred high H,, C2 H 3 CN, 
and C2 H 5 CN column densities suggest that K2 may be 
the heating source for dust mantle evaporation at Sgr 
B2(N-LMH). 
2. OBSERVATIONS 
Observations were carried out with the 10 element BIMA 
Array between 1998 January and March in the A configu-
ration, which has the longest baselines. The baselines were 
up to 900 min the east-west direction and up to 1300 min 
the north-south direction. The resulting uv coverage ranged 
from 10 to 520 kA.. The phase center was located between 
Sgr B2(N) and Sgr B2(M) at o:(J2000) = 17h47m19~79, 
.5(12000) = - 28°22'29':99. Sgr B2(N) was ~ 12" to the 
north, and Sgr B2(M) was ~ 34" to the south of the phase 
center. The primary beam size was 2'.15 FWHM at the 
observing frequency. Sgr A* was used as a phase calibrator. 
NRAO 530 served as the amplitude calibrator, and 3C 273 
was used for the passband calibration. Data were flagged, 
calibrated, mapped, CLEANed, and self-calibrated using 
1 Operated by the University of California, Berkeley, the University of 
Illinois, and the University of Maryland with support from the National 
Science Foundation. 
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TABLE 1 
c,H,CN AND c,H,CN MOLECULAR PARAMETERS 
Transition• Frequency Eupper 
Molecule J~·-, r:.,-Jx._, J:+1 (GHz) (K) 
c,H,cN• ...... 91,9-81,s 83.207515 22.15 
C2 H,CN' ...... 101,10-91,9 86.819851 24.07 
• Primes denote the upper level quantum numbers. 
•A = 49850.70 MHz, B = 4971.21 MHz, C = 4513.83 MHz, 
µ, =3.68 debye,S = 8.888 (Gerry et al.1979). 
' A = 27663.69 MHz, B = 4714.15 MHz, C = 4235.04 MHz, 
µ,=3.85 debye,S = 9.896 (Lovas 1982). 
the MIRIAD2 package. Six windows, each of 100 MHz 
width, were used in composing the continuum maps. The 
resulting naturally weighted synthesized beam was 1':2 
x 0~5 with a position angle of 15°. The spectral windows 
for the C2 H 3CN and C2H 5 CN transitions had bandwidths 
of 50 MHz and 128 channels, which resulted in a spectral 
resolution of 0.39 MHz (1.38 km s- 1) per channel. The 
91,9-81,8 C2 H3 CN transition has a rest frequency of 
83.207515 GHz (Gerry, Yamada, & Winnewisser 1979), 
while the 101,10-91,9 C2H 5 CN transition is at 86.819851 
GHz (Lovas 1982). Molecular parameters for these two 
2 The MIRIAD data reduction package of the Berkeley-Illinois-Mary-
land Association is supported at the Laboratory for Astronomical Imaging 
by funding from NSF grant AST 96-13999 and the University of Illinois 
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species are listed in Table l. Typical double-sideband 
system temperatures ranged from 400 to 900 K. The 
resulting noise level was r:::;7 mJy beam- 1 for the contin-
uum map with a conversion factor of 3.8 mJy beam - 1 K - 1. 
The spectral data cubes were smoothed to 1':8 x 0':8 spatial 
and 2.8 km s - i spectral resolution to give a noise level of 60 
mJy beam - i per channel. 
3. RESULTS 
A naturally weighted 85 GHz continuum map of the Sgr 
B2 region is shown in Figure l. Our observed continuum 
emission peaks appear to coincide with the Gaume et al. 
(1995) ultracompact H II region peak positions B, E, F, G, I, 
and K. L is also detected above the 5 u level at its peak 
position. At Sgr B2(N), source Kl is unresolved; K2 and K3 
are resolved, and K4 is marginally resolved. At Sgr B2(M), 
F is barely resolved into Fl, F2, F3, and F4. B and I are 
resolved, while E and G remain unresolved. Table 2 shows a 
list of the peak positions, intensities, and flux densities of the 
identified individual sources, along with their flux densities 
observed at 14.9 GHz (Gaume & Claussen 1990) and at 22.4 
GHz (Gaume et al. 1995). All flux densities are listed in 
janskys and peak intensities are listed in janskys per beam. 
Beam sizes for each observation as well as source sizes for 
each region are shown in parentheses. 
The C2H 3CN and C2H5 CN emission was detected only 
toward Sgr B2(N). No line emission was detected above a 3 
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Fm. 1.-{a) Continuum image of Sgr B2 at 85 GHz shown in both contours and gray scale. Contour levels are -0.028, 0.028, 0,035, 0.07, 0.14, 0.35, and 0.7 
Jy be:im- 1. Th~ ~ay scale represents intensiHes betwee~ ?-02 and 1.0 Jy beam-• with a logarithmic transfer function. The rrns noise is -7 mJy beam-•. (b) 
Contmuum em1ss1on at Sgr B2(N). (c) Contmuum em1ss10n at Sgr B2(M). The peak positions of the Gaume et al. (1995) H n regions are overlaid. The 
synthesized beam size for all three panels is 1 ~2 x 0~5 with P.A. 15°, as shown at the bottom left comer of (c). The images have not been corrected for 
primary-beam attenuation. 
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TABLE 2 
CONTINUUM FLUX DENSITY IN SAGIITARIUS B2 
14.9 GHz' 22.4 GHz' 85 GHz (l''.2 x 0''.5) (l''.O x 0':8)" (0':27 x 0723) 
R.A. DECL. FLUX DENSITY FLUX DENSITY Peak Intensity Flux Density 
SOUR CB (12000) (12000) (1y) (1y) (1y beam- 1) (1y) 
Sgr B2(N) 
Kl. ..... 17 47 19.789 
-28 22 20.592 0.16 (l" x 1':5) 0.24 (O''. 6 x O''. 5) 0.06 0.08 (u)• 
K2 ...... 17 47 19.878 
-28 22 18.385 0.02 (u) 0.06 (0''.5 x 0''.3) 0.34 0.90 (3'.2 x 2':8) 
K3.. .... 17 47 19.898 
- 28 22 17.084 0.11 (u) 0.19 (0':3 x 0':4) 0.24 0.33 (2':4 x 2':4) 
K4 ...... 17 47 20.022 
- 28 22 04.674 0.21 (l'.5) 0.40 (l" x l ") 0.08 0.14 (1':8 x 1':2) 
Sgr B2(M) 
B ....... 17 47 19.917 
- 28 23 02.883 0.28 (0':7) 0.33 (0''.9 x 0''.7) 0.15 0.36 (1':6 x 1':2) 
E ....... 17 47 20.099 
-28 23 08.770 0.19 (0':7 x 0':4) 0.40 (l''.4) 0.09 0.10 (u) 
Fl ...... 17 47 20.117 
- 28 23 03.968 0.43 (l''.O x 0':8) 0.6 (0':6 x 0':4) 
F2 ...... 17 47 20.167 
-28 23 03.565 0.33 (0':9 x 0':5) 0.23 (0'.5 x 0''.4) 
F3 ...... 174720.177 
-28 23 04.664 0.48 (0'.7) 0.9 (0''.4 x 075) 
F4 ...... 17 47 20.217 
-28 23 04.161 0.16 (u) 0.24 (0''.4 x 074) 
G ....... 17 47 20.287 
-28 23 02.956 0.11 (u) 0.19 (0''.4 x 0':3) 0.20 0.23 (u) 
I ........ 17 47 20.378 
-28 23 05.149 3.4 (7" x 5") 5.10 (l" x 3") 0.16 1.55 (4''.2 x 5':2) 
NoTB.-Units of right ascension arc hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arc-
seconds. 
• Gaume & Claussen 1990. 
• Dimensions in parentheses denote the beam size or the source size. 
• Gaume et al. 1995. 
4 
"u 
11 denotes an unresolved source. 
• PeakintensityforF(= Fl-F4)is l.51Jybeam- 1• 
' Flux density for F ( = Fl-F4) is 4.38 1y (4:8 x 3'.2). 
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Fm. 2.--(a) Contour map of the integrated intensity (53.9-73.6 km s- 1) of the 91, 9 -8 1, 8 transition of C2 H 3 CN in emission toward Sgr B2(N). Contour 
levels are -2.4, 2.4, 3.2, 4.0, 4.8, 5.6, 6.4, and 7.2 1y beam- 1 km s- 1• The spectrum averaged over a region of 0':8 x 1':2 centered at a(J2000) = l 7'47ml9~88, 
~(12000) = -28°22'18~4 is shown in the inset at the bottom. Velocities are with respect to the LSR, and the spectral resolution is 2.8 km s- 1• (b) Contour map 
of the integrated intensity (52.9-74.5 km s- 1) of the 101, 10 -91.9 transition of C2 H 5 CN in emission toward Sgr B2(N). The averaged spectrum is in the inset at 
the bottom. Contour levels, spectral region, velocity scale, and spectral resolution are the same as those in (a). Both images are uncorrected for primary-beam 
attenuation. 
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a limit in Sgr B2(M). Figure 2 shows contour maps of inte-
grated emission for both molecules at a resolution of 1 ':8 
x 0':8 and spectra toward the continuum peak. The inte-
grated C2 H 3 CN emission appears to be centered at K2, 
while the C2 H 5 CN emission peaks east and west of K2. 
These are the highest angular resolution observations ever 
reported for C2H 3CN and C2H 5 CN. Given the distance to 
Sgr B2 of 7.1 kpc (Reid et al. 1988), an angular resolution of 
0':8 corresponds to a physical scale of -6000 AU, only 
one-tenth the size of the Oort cloud. Figures 3a and 3b are 
........ 
-I 
Cll 
s 
.!<: 
....... 
0:: 
:::...~ 
80 
60 
40 
-4 
(a) 
-3 
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4. DISCUSSION 
4.1. Continuum Emission 
Both free-free emission from ionized gas in H 11 regions 
and dust emission can contribute to the 3 mm continuum 
emission. We compared the flux densities measured at 85 
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Fm. 3.-Position-velocity plot of emission from the C2 H 3CN 91•9 -81•8 and C2 H 5CN 101•10 -91•9 transitions toward Sgr B2(N). A cut through 
a(J2000) = 17•47m19~88, c5(J2000) = -28'22'18'.4 with a position angle of 120' is used. The ordinate is LSR velocity in km s- 1, and the abscissa indicates 
offset in units ofarcseconds. (a) C2 H3 CN is shown in contour plots with levels of20%, 30%, 40%, 50%, 60%, 70%, 80%, and 90% of the peak emission 
intensity (0.65 Jy beam- 1), while C2 H 5CN emission is shown by the gray scale. (b) C2 H5CN is shown in contour plots with levels of 20%, 30%, 40%, 50%, 
60%, 70%, 80%, and 90% ofthe peak emission intensity (0.67 Jy beam- 1), while C2 H3 CN emission is shown by the gray scale. 
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GHz with those at 22.5 and 15 GHz measured by Gaume & 
Claussen (1990) and Gaume et al. (1995) as listed in Table 2. 
We found that for regions other than K2 and F, flux den-
sities at 85 GHz are comparable to or less than those at 22.5 
GHz, which indicates that the spectral indices are consistent 
with optically thin free-free emission. Therefore, free-free 
emission can account for the observed 3 mm continuum 
emission from all regions except K2 and F. 
At K2, the continuum emission appears to be more 
extended than the observed size of the H II region at 22.5 
GHz. The total K2 flux density is 0.90 Jy (Table 2). An 
upper limit for the free-free continuum flux of 0.34 Jy can be 
estimated by using the peak intensity at K2 in the contin-
uum map under the assumption that the H II region is still 
unresolved. The remaining extended flux, 0.56 Jy, is then 
attributed to optically thin dust emission. We can therefore 
estimate the H2 column density and total mass from the 
observed dust emission flux. The H 2 column density can be 
estimated from 
__ 4_ ap v __!.::._ 
Nu, - 3m XQ D.B(T.) ' H2 v d 
(1) 
where m112 is the molecular hydrogen mass, a is the grain 
size, p9 is the grain density.Xis the dust-to-gas mass ratio, 
s. is the measured flux density, and n is the solid angle 
subtended by the source. B is the Planck function, T.i is the 
dust temperature, and Q. is the dust emissivity, which can 
be expressed in proportion to vP (Harvey et al. 1974; Erick-
son et al. 1977). Typical values for grain size of0.1 µm, grain 
density of 3 g cm- 3, and dust-to-gas mass ratio of 10- 2 are 
used (Kuan et al. 1996). Kuan et al. observed an unusually 
high spectral index of -4.6 toward Sgr B2(N) with the 
BIMA Array at 10" x 5" resolution, which implies a P of 
3.7; Wright et al. (1992) derived p - 2 for the Orion hot 
core. Given p between 2 and 3.7, a dust temperature of 200 
K (Hiittemeister et al. 1993), and a distance to Sgr B2 of 7.1 
kpc, we find the H2 column density at K2 ranges between 
2.3 x 1025 and 1.2 x 1026 cm- 2, with a total mass between 
4 x 103 and 2 x 104 M 0 • This core mass estimate appears 
comparable to the mass found by Carlstrom & Vogel (1989) 
and Lis et al. (1993), but the inferred H2 column density is 
higher because of a smaller source size. Assuming a spher-
ical source implies a volume density as high as 8 x 107 to 
4 x 108 cm- 3• 
The contribution of dust emission at 3 mm for source Fis 
less certain because of the complexity of this region. F is 
resolved into Fl, F2, F3, F4, and six other small individual 
components at 22.4 GHz (Gaume et al. 1995). Recent obser-
vations at 7 mm with the VLA by De Pree et al. (1998) 
further resolved Fl, F2 , F3, and F4 into -20 separate 
ultracompact H II regions. Therefore, a spectral index of 0.6 
for F estimated from the integrated flux densities at 14.9, 
22.4, and 85 GHz only represents a value averaged over 
individual components. To estimate the flux density of free-
free emission at 85 GHz, we note that flux densities mea-
sured at 7 mm by De Pree et al. compared with those at 1.3 
cm seem to indicate that the continuum spectra of Fl, F2, 
and F4 have flattened out at 46.4 GHz. Only F3 still shows 
a rising spectrum. Hence, only F3 is optically thick, while 
Fl, F2, and F4 are optically thin at 46 GHz. We estimate a 
flux density of 1.51 Jy for F3 by taking the peak intensity 
located at F3, and adopt the averaged flux densities at 1.3 
cm and 7 mm of 1.43 Jy for the remaining components in F. 
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This gives a flux density of 1.44 Jy attributed to dust. 
Assuming a temperature of 200 K and using a p of 1.7 
(Kuan et al. 1996), we estimate a column density of H2 of 
2.7 x 1025 cm- 2 and a core mass of 8 x 103 M 0 toward 
the F region. The estimated core mass is larger than the 
2900 M 0 derived by Lis et al. (1993) from 1.3 mm contin-
uum observations. This is partly because they adopted a 
shallower slope for the dust emissivity. In addition, they 
estimated the dust continuum flux by subtracting the free-
free emission at 1.3 mm extrapolated from the 3.4 mm flux 
density toward Sgr B2(M) detected by Carlstrom & Vogel 
(1989). Since they assumed that all the 3.4 mm flux density 
comes from optically thin free-free emission, this gave rise 
to a higher 1.3 mm free-free emission flux, hence a lower 1.3 
mm dust continuum and a lower mass estimate. Our core 
mass results in a volume density of -108 cm - 3 if a spher-
ical core is assumed. This high density seems to support 
pressure confinement of ultracompact H II regions in Sgr 
B2(M), as proposed by De Pree et al. (1998). 
The millimeter wavelength flux in the Sgr B2 region is 
subject to contamination from the high spectral density of 
weak molecular emission Jines. Sutton et al. (1984) esti-
mated that line emission in the 1 mm regime may contribute 
to as much as 45%-60% of the total broadband flux from 
observations of Orion, but at 3 mm contamination from 
weak Jines appears to be less significant. For example, 
Wright & Vogel (1985) estimated a line flux density of 0.27 
Jy out of a total flux density of 1.6 Jy. Based on this, we 
estimate an upper limit of 15% contamination for our data. 
4.2. C2H5CN andC23 CN 
Both C2H3 CN and C2H 5CN emission show evidence for 
a northwest-southeast velocity gradient. Indeed, Miao & 
Snyder (1997) observed very broad C2 H 5 CN emission with 
55 km s - 1 FWZI. In their Figure 3, the blueshifted and 
redshifted C2 H5CN emission is located on the opposite 
sides of the northeast-southwest ridge that contains the 
Kl-K3 H II regions. A velocity gradient has also been seen 
by Vogel et al. (1987) in NH3 emission and by Lis et al. (1993) in HC3N emission. Vogel et al. showed a northwest-
southeast velocity gradient in the NH3 (3, 2), (4, 3) and (7, 6) 
lines, although observations of the NH3 (3, 2) line by 
Gaume & Claussen (1990) with the VLA at a higher angular 
resolution implied a complex velocity structure in the NH3 
gas which cannot be explained by simple rotation or expan-
sion. Lis et al. proposed an east-west outflow at Sgr B2(N) 
from the bipolar structure in HC3 N emission. They also 
suggested a north-south rotation motion. 
The velocity gradient structure is clearly illustrated in the 
position-velocity diagram cut along the axis of greatest 
velocity gradient (P.A. 120°) through the continuum peak, 
as shown in Figure 3. The two prominent lobes in C2H 3CN 
emission suggest that either a thin rotating torus or a colli-
mated bipolar outflow with its dynamical center lying 
nearly at K2 can account for the observed feature. Toroidal 
gas has been observed in massive star formation regions, for 
example, K3-50A (Howard, Koerner, & Pipher 1997). If a 
torus with solid-body rotation is assumed, the observed 
angular velocity of 200 km s- 1 pc- 1 implies a dynamical 
mass of - 50 M 0 within the torus or -1.4 x 103 M 0 out 
to a radius of0.05 pc. It appears that the derived dynamical 
mass required to bind the C2 H3 CN and C2 H5 CN emitting 
gas is smaller than the core mass estimated from dust emis-
sion, and hence the gas is indeed gravitationally bound. 
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However, C2 H 5CN emission shows a strong component at 
the core systemic velocity of 63 km s - 1 along the cut, in 
addition to the two high-velocity lobes. Combined with 
other evidence, like high-velocity wings observed in 
C2 H 5 CN up to 25 km s- 1 relative to the ambient cloud 
(Miao & Snyder 1997), and similar signatures observed in 
other molecules, this may argue against a rotating configu-
ration along the northeast-southwest ridge but for outflow 
motions for the red and blue lobes. If C2 H 3CN and 
C2H 5 CN trace outflow gas, the estimated outflow age will 
be - 104 yr, similar to that found by Lis et al. 
Another C2H 5CN clump at 75 km s- 1 was observed 5" 
north of the K3-Kl ridge in the integrated emission map 
(Fig. 2b). Miao et al. (1995) observed two C2 H 5CN velocity 
components, one at 63 km s- 1 and another at 75 km s- 1. 
In addition, the emission peak for the high-velocity com-
ponent from 70 to 93 km s- 1 in their lower angular 
resolution map is located farther north. Therefore, our 
clump may be a high-density core of the 75 km s- 1 com-
ponent seen by Miao et al. (1995). 
4.3. Grain Chemistry 
From equation (2) in Miao et al. (1995) for the case of 
optically thin emission under LTE, the molecular column 
density can be expressed as 
N( _2) _ 04 20 J M(Jy beam- 1)dv(km s- 1) cm -2. xlO OO( 2) 
a b arcsec 
(2) 
where o. and Ob are the FWHM Gaussian beam sizes, Q, is 
the rotational partition function, Eup ., is the upper level 
energy, v is the rest frequency, S is the fine strength, and µ is 
the dipole moment. Adopting a rotation temperature of 200 
K, we derived a mean column density for C2 H 3 CN of 
1.8 x 1017 cm- 2 and for C2 H 5 CN of 2.2 x 1017 cm- 2 in a 
3" x 3" region, while the peak column densities are 
3.1x1017 cm- 2 and 3.1x1017 cm- 2 for C2 H 3 CN and 
C2H 5CN, respectively. We note that these estimates may 
only represent lower limits, for the following reasons: first, 
in the line core, the observed C2 H 3CN and C2 H 5CN line 
brightness temperatures are above 70 K, which makes the 
apparent optical depth over 0.4. Hence, the optically thin 
assumption may result in an underestimate. Second, an 
excitation temperature as high as 450 K for vibrationally 
excited HC3 N transitions, which presumably also rep-
resents the IR radiation field from the dust component in 
the cloud, has been reported by Acord, Veal, & Snyder 
(1999) based on observations toward the Sgr B2(N) core 
region. The gas component in the core, on the other hand, is 
likely to be well coupled to the dust component through 
collisions. If a temperature of 450 K is adopted, the derived 
column densities for both molecules will increase by a factor 
of 3. Finally, there is some fraction of extended flux resolved 
out, since we recovered a total of 4 Jy as compared to 6 Jy in 
a 10" x 5" beam detected by Miao et al. (1995). Our derived 
column densities for C2 H 3CN and C2 H 5CN toward Sgr B2 
are higher than values obtained from past observations. 
Turner (1991) reported a column density of -4.0 x 1013 
cm- 2 for C2 H 3CN and -5.5 x 1013 cm- 2 for C2 H 5 CN 
from observations with the NRAO 12 m single-element tele-
scope pointed toward Sgr B2(0H), which is approximately 
1' south of Sgr B2 (N). Observations at a higher angular 
resolution (8" x 6") with the BIMA Array by Miao et al. 
(1995) revealed column densities of 2 x 1015 and 9 x 1015 
cm- 2 toward the Sgr B2(N) core for C2 H 3 CN and 
C2H 5CN, respectively. Adopting a higher excitation tem-
perature (200 K), Miao & Snyder (1997) reported a peak 
Nc,H,cN of 9.6 x 1016 cm- 2 toward Sgr B2(N). Since we 
found a column density at least 3 times higher, it indicates 
that the distribution of these species is highly concentrated 
toward the core region. 
It has been suggested that C2 H 5 CN can be formed by 
successive ion-molecule processes, but mostly by hydro-
genation of HC3 N on dust grains (Blake et al. 1987). In 
their dynamical-chemical model of a collapsing cloud for 
studying the chemical differentiation between the Orion hot 
core and compact ridge, Caselli, Hasegawa, & Herbst (1993) 
showed C2 H 5CN as one of the main surface species synthe-
sized on dust grains both in the core and in the compact 
ridge. At the end of the collapse phase, C2 H 5CN becomes 
the most abundant species on grain surfaces in the hot core. 
Due to the rise in temperature after the accretion phase, the 
evaporation of grain mantles proceeds rapidly and 
C2 H 5 CN is immediately released into the gas phase. 
C2 H 3 CN is then formed from C2 H 5 CN via gas-phase reac-
tions in both the hot core and the compact ridge. After 105 
yr, the abundances of both molecules tend to decrease 
rapidly in the hot core due to fast ion-molecule chemistry. 
Our results fit in the framework of dust chemistry models. 
The proximity of the H II region K2, a dense dust core and 
C2H 3CN and C2 H 5CN molecular emission from Sgr 
B2(N-LMH) indicates recent star formation and grain 
mantle evaporation. The exciting star for the H II region K2, 
which also appears to be the dynamical center for molecular 
emission, is likely to be the heating source for grain mantle 
evaporation, although it is also possible that another stellar 
object embedded in the dust core is responsible. 
A feature worth noticing is the distribution of C2 H 3 CN 
and C2H 5CN emission. C2H 3CN is preferentially observed 
in the outflow, while C2 H 5 CN exists in the ambient com-
ponent as well as farther out in the outflow. Since excitation 
conditions for the two transitions of C2 H 3 CN and 
C2 H 5CN are similar, the distribution more likely reflects a 
true chemical differentiation. IfC2 H 3 CN and C2 H 5 CN do 
trace outflows, it appears that C2 H 5 CN is processed into 
C2 H3 CN in shock regions presumably caused by outflows. 
In contrast, the other component of C2 H 5CN, at the core 
systemic velocity of 63 km s-1, remains mostly unaltered. 
Fractional abundances ofC2H 3CN and C2H 5CN to H 2 are 
difficult to determine in this case, since the molecular hydro-
gen content in the outflow is unknown. If we use the total 
NH, estimated from dust emission, both Xc,H,cN and 
x C2ll5CN will be -10- 8 • 
5. CONCLUSION 
High angular resolution (1':2 x 0~5) observations of the 
star formation region Sgr B2 at 85 GHz have been carried 
out. The observed continuum emission can be attributed 
mostly to free-free emission from H II regions except at K2 
and F. The extended continuum emission from K2 is attrib-
uted to optically thin dust emission, which implies a core 
mass of 4000--20,000 M 0 in Sgr B2(N). The observations of 
C2 H3CN and C2H 5CN have the highest angular resolution 
ever reported. With an angular resolution of 0''.8, we were 
able to probe physical scales only one-tenth of the size of 
the Oort cloud. C2 H 3CN and C2H 5CN emission may trace 
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molecular outflows, although a rotating cloud is not ruled 
out. We found column densities at least 3 times higher than 
previously reported, implying that the distribution of these 
species is highly concentrated toward the core region. The 
proximity of high column density C2 H3 CN and C2 H5 CN 
emission indicates that the exciting star at K2 is likely to be 
the heating source for grain mantle evaporation at Sgr 
B2(N-LMH). 
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Identification of New Methanol Lines toward Sagittarius B2 
C. C. Pei, Sheng-Yuan Liu, and Lewis E. Snyder 
ABSTRACT 
The first astronomical measurements of the Jk = 182 - 181 , 192 - 191 , and 202 - 201 E 
transitions of methanol (CH30H) are presented. A rotational temperature Trot = 170(13) K 
was determined for the Sgr B2(N-LMH) core by combining the data from the Jk = 132 -131 
and 172 - 171 E transitions. The total column density of CH30H is Nr(CH30H) = 4.2(6) 
x 1017 cm-2 , and the fractional abundance of CH30H is X(CH30H) ~ 4 x 10-8 . The H59a 
recombination line and a new unidentified line were detected. 
Subject heading: ISM: abundances and molecules - ISM: individual (Sagittarius B2) -
Stars: formation 
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1. Introduction 
The methanol molecule (CH30H) is one of the simplest molecules displaying hindered 
internal rotation. It is also a slightly asymmetric top, as the OH group does not lie along 
the principal molecular axis. Therefore, there are many transitions in the centimeter and 
millimeter wavelength range (see, for example, Pei, Zeng, & Gou 1988; Anderson, Herbst, & 
DeLucia 1992; Xu & Lovas 1997). Because of the three identical H atoms in the CH3 group, 
CH30H is separated into two non-interchangeable torsional substates, E and A. Anderson 
et al. (1992) were the first to extend the high resolution millimeter and submillimeter 
wavelength spectrum of CH30H through J=25 by applying the extended internal axis method 
(IAM) Hamiltonian to a data set which included 549 A and 524 E unblended torsional 
substate transitions through J :::; 24. Their predicted frequencies allowed radio astronomers 
to search for many new interstellar CH30H transitions through J=25. For example, Wilson 
et al. (1996) were able to make the first astronomical measurements of the Jk = J 2 -
J1 (12 :::; J :S 17) E transitions of CH30H. Their observations were made in the direction of 
Orion KL, which has a well determined radial velocity. While the overall agreement between 
the astronomical observations and the predictions was quite good, Wilson et al. found a 
small frequency difference (0.1 - 2.0 MHz) which increased with J. In a recent NIST critical 
review of CH3 0H, Xu & Lovas used a program based on the Hamiltonian of Herbst et 
al. (1984) to fit 6655 CH30H transitions which were obtained from microwave, millimeter 
wave, terahertz, and far infrared measurements. Their predicted frequencies were in good 
agreement with those measured by Wilson et al., but, to determine how well their calculations 
predict other interstellar CH30H frequencies, it was necessary to observe higher J values of 
the Jk = J 2 - J 1 E transitions of CH30H. 
The Sgr B2 cloud, one of the most well-known star formation regions, is at a projected 
distance of rv 100 pc from the Galactic center. Its dense cores, particularly Sgr B2 (N) and 
(M), show an extremely rich chemistry with more detected molecular species than any other 
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source in the Galaxy (Snyder 1997). Thus, Sgr B2 was selected to study the Jk = J2 - J1 
E transitions of CH30H for higher J values. Observations with the BIMA Array1, revealed 
that the CH30H distribution is very compact. It peaks at a 2000 = 17h4 7m19s. 79, 62000 = 
-28°22'17".3, which is located,...., 7" southwest of the Sgr B2(N) continuum peak at 31 GHz. 
Snyder, Kuan, & Miao (1994) have named this region in Sgr B2(N) the Large Molecule 
Heimat (LMH) source, Sgr B2(N-LMH). Not only were the Jk = 132 - 131, 172 - 171, 
182 - 181, 192 - 191, and 202 - 201 E transitions of CH30H detected, but also the H59a 
recombination line and a new unidentified line were found. All lines except the first two are 
new astronomical detections. 
2. Observations 
Observations of CH30H were made with the ten-element BIMA Array at 1 cm on 1998 
September 14 and 16. Two tracks of data were taken with the B configuration which had 
baselines ranging from 1 k.A to 22 k.A. The system temperatures typically ranged between 
70 Kand 100 K. The pointing center was coincident with a 2000 = 17h47m19s_79, 62000 = 
-28°22'17".3 in the direction of Sgr B2(N). Each spectral window had a bandwidth of 25 MHz 
and was divided into 256 channels for a spectral resolution of 0.098 MHz (,...., 1 km s-1). The 
integration time was 6 hours for each track. Uranus was used as the flux density calibrator, 
3C 273 was used to calibrate passband responses, and NRAO 530 was used as the phase 
reference. Data were imaged and self-calibrated using the MIRIAD2 software package of 
the BIMA consortium (Sault, Teuben, & Wright 1995). The visibility data were Fourier 
transformed with Robust weighting (Briggs 1995) and a value of Robust =0 was applied. 
This resulted in images with typical rms noise of 0.07 Jy beam-1 in a line-free channel 
10perated by the University of California, Berkeley, the University of Illinois, and the University of 
Maryland with support from the National Science Foundation. 
2The MIRIAD data reduction package of the Berkeley-Illinois-Maryland Association is supported at 
the Laboratory for Astronomical Imaging by funding from NSF grant AST 96-13999 and the University of 
Illinois 
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and 0.08 Jy beam-1 in channels with significant signal. An average synthesized beam was 
23" x 611 with P.A.= -1°. The conversion factors between specific intensity and brightness 
temperature (TB) are between 0.10 - 0.11 Jy beam-1 K-1 for different windows. 
3. Results and Discussion 
3.1. 12 - 11 E CH30H emission lines 
Figure 1 shows: (a) the continuum image of Sgr B2 at 31 GHz; (b) the 5-channel average 
of the intensity of the 192 - 191 E CH30H emission line centered at 64 km s-1; and (c) 
the 5-channel average of the H59a recombination line emission centered at 64 km s-1 . The 
latter will be discussed in section 3.2. The emission from the other 12 - 11 E CH30H lines 
(including 1=13, 17, 18, and 20) originates from the same region of Sgr B2(N) as the 192 -191 
E transition. In comparing Figure lb with Figure la, the distribution of CH30H was found 
to be very compact. It peaks at Sgr B2(N-LMH). 
Figure 2 shows the spectra of the 12 - 11 E methanol lines toward Sgr B2(N-LMH). Pa-
rameters (including transition, derived rest frequency, synthesized beam size, energy above 
ground, line strength, integrated line intensity, and upper level column density) of the ob-
served CH30H transitions are given in Table 1. Detections of the lk = 132 -131 and 17 2 -171 
E transitions of CH30H were reported previously by Wilson et al. (1996) from observations 
toward Orion KL. Detections of the lk = 182 - 181 , 192 - 191 , 202 - 201 E transitions of 
interstellar CH30H are reported here for the first time. Wilson et al. (1996) showed that the 
line rest frequencies predicted by Anderson et al. (1992) have small differences from the mea-
sured interstellar values. As shown in Figure 2, a typical Sgr B2(N) Vlsr value of 64 km s-1 
was assumed for the emission peaks for these CH30H lines (see, for example, Snyder 1997). 
The rest frequencies of the E CH30H lines listed in column 2 of Table 1 were derived by using 
this radial velocity assignment. Figure 3 shows differences of our rest frequencies (measured 
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for Sgr B2(N)) and those of Wilson et al. (1996) (measured for Orion KL) from the predicted 
frequencies of Anderson et al. (1992) and Xu & Lovas (1997). The small differences between 
observed and predicted frequencies for the Anderson et al. data increase through l = 18 and 
then start to decrease. On the other hand, the differences between observed and predicted 
frequencies for the Xu & Lovas data are consistently between 0 and 0.1 MHz, which is within 
the uncertainty of the interstellar measurements (Table 1 and Wilson et al.). 
By assuming all levels are populated in LTE and the observed transitions are optically 
thin, one can use 
(1) 
from Miao et al. (1995) with the definition of Nu 
Nu 9u ( / ) N = -Q exp -Eu Trot, 
T rot 
(2) 
and find that the beam averaged upper level column densities, Nu, are proportional to the 
integrated line intensities W in the following sense, 
N - 2.04W X 9u X 1020 cm-2. 
u- ()() 52 3 
ab < µ>v 
(3) 
For the observed CH30H transitions in equations (1), (2), (3) and Table 1, v is the rest 
frequency in GHz (column 2), ()a and ()bare the FWHM dimensions of a Gaussian beam in 
arcsecond (column 3), Eu is the upper energy level of the transition in K (column 4), < Sµ 2 > 
is the total torsion-rotational line strength (column 5), W = J Ivdv is the integrated line 
intensity from Gaussian fits in Jy beam-1 km s-1 (column 6), 9u is the rotational degeneracy 
(21+1) of the upper level, and Qrot is the partition function. The derived column densities 
Nu from observed l 2: 13, 12 - 11 E CH30H transitions are listed in column 7 of Table 1. 
Furthermore, the logarithm of the normalized upper level column densities in equation (2) 
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( ln( Nu/ gu)) is a linear function of Eu with a slope of Ci.~J Figure 4 shows the rotation 
diagram for the Jk = J2 - J1 (J = 13, 17, 18, 19, and 20) E transitions in Table 1. A least 
squares fit gives a rotational temperature Trot = 170(13) K3. Using the rotation parameters 
of CH30H from Xu & Lovas (1997): A = 4.253724(2) cm-1 , B = 0.8235767(2) cm-1, and 
C = 0.7925390(3) cm-1, the partition function, Qroti is given by 
[7r(kTrot)
3 ]o.5 1.5 Qrot = 2 X h3 ABC = 1.2327 X Trot. (4) 
Then, we can obtain the total column density Nr(CH30H) = 4.2(6) x 1017 cm-2 . The H2 
column density is reported to be N(H2 ) ~ 1025 cm-2 in the Sgr B2(N-LMH) core (Lis et al. 
1993). Therefore, the fractional abundance of CH30H is X(CH30H) ~ 4 x 10-8 in this core. 
Previous Sgr B2 observations with the NRAO 11 m telescope by Turner (1991) showed 22 
methanol transitions in the 3mm band. Two CH30H cloud components were identified: one 
had Trot= 25.9 Kand the other had Trot= 204 K. Beam-averaged column densities were,..._, 8 
x 1015 cm-2 for the cooler component and,..._, 7 x 1015 cm-2 for the warmer component. Our 
derived rotation temperature is comparable to that of the warmer component but Turner's 
CH30H column density is at least an order of magnitude less than that in our result. This is 
likely due to a different pointing center (rv 75" south of Sgr B2(N)), and a larger beam size 
( ,..._, 80") used in Turner's observations. Recent observations by Mehringer & Menten (1997) 
with the VLA at 44 GHz detected 17 quasi-thermal CH30H cores in the Sgr B2 region. 
These cores are located mostly in Sgr B2(N) and in the western portion of Sgr B2(M). The 
CH30H column densities of the 9 cores in Sgr B2(N) range between 1017 and 1018 cm-2 if a 
Trot of 200 K is assumed. In particular, core i in their data is located toward Sgr B2(N-LMH) 
and has a CH30H column density of 2 x 1018 cm-2 . The observed high column density is 
a result of the smaller beam ( ,..._, 4" x 2") used in their observations. In fact, the amount of 
CH30H will only account for,..._, 30% of our derived CH30H column density if it is diluted by 
3 All parenthesized numbers following numerical values are lu uncertainties. 
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our 23" x 611 beam. Since all CH30H cores (except core f) detected by Mehringer & Menten 
toward Sgr B2(N) are distributed within a region of 20" by 15", we made an estimate by 
summing up beam-averaged column densities at those cores' peak positions and diluting the 
total quantity with our beam. This results in a column density of 5.4 x 1017 cm-2 , which 
seems to indicate that our observations detected most of the CH30H in Sgr B2(N) observed 
by Mehringer & Menten. If this is the case, however, the peak position of our CH30H 
detection should be located north of Sgr B2(N-LMH) instead of toward Sgr B2(LMH) since 
all CH30H cores in Sgr B2(N) in Mehringer & Menten's result are north of Sgr B2(N-LMH). 
Our derived fractional abundance of CH30H is an order of magnitude larger than that 
found in dark clouds (Friberg et al. 1988) but slightly less than that found in other star 
forming cores such as in Orion (Menten et al. 1988) and in G34.3+0.2 (Mehringer & Snyder 
1996). Even so, both our total CH30H column density and our fractional abundance are most 
likely lower limits because of the relatively large size of the synthesized beams used for these 
observations (Table 1). For example, Liu & Snyder (1999) found that the column densities 
of C2H3CN and C2H5CN increased by at least a factor of 3 when going from a synthesized 
beam of 8" x 6" to one of 1.8" x 0.8" in the Sgr B2(N-LMH) core. The increase in column 
densities is also shown by comparing our result with Mehringer & Menten's (1997) result as 
discussed in the previous paragraph. Although both gas-phase and solid-phase chemistry are 
capable of producing CH30H, the high abundance of CH30H found in star forming cores is 
usually attributed to the presence of dust grains. For example, it has been suggested that 
CH30H is abundant in ice mantles on interstellar dust and is desorbed into the gas phase 
during mantle evaporation due to heating by the newly formed star or shock within outflows 
(Bachiller et al. 1995). In order to explain their detections of complex molecules such as 
C2H3CN, C2H5CN and HCOOCH3 in the Sgr B2(N-LMH) core, Miao et al. (1995) suggested 
that the abundances of these complex molecules were enhanced by mantle evaporation from 
dust grains. This scenario is consistent with our results: within our spatial resolution, the 
location of the CH3 0H emission source coincides with the Sgr B2(N-LMH) core. Our non-
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detection of CH30H toward the Sgr B2(M) core (Figure lb) further illustrates the chemical 
differentiation between Sgr B2(N) and Sgr B2(M). This differentiation may be a result of 
different evolutionary stages between the two cores (Miao et al. 1995; Kuan, Mehringer, & 
Snyder 1996). 
3.2. H59a recombination line and an unidentified line 
A new line was detected in the spectral window of the 192 - 191 E CH30H transition 
(see Figure 2d). Figure le shows a contour map of this line emission, and clearly it is 
coincident with the continuum emission in Figure la. Figure 5 shows spectra of this line at 
the peak positions of Sgr B2(N) and Sgr B2(M). From Gaussian fits, the peak intensity is 
0.74(2) Jy beam-1 (Tn = 6.5(2) K) with .6.v1; 2 (FWHM) = 37.0(9) km s-1 for Sgr B2(N), and 
1.11(2) Jy beam- 1 (Tn = 9.7(2) K) with .6.v1; 2 (FWHM) = 35.2(6) km s-1 for Sgr B2(M). The 
large linewidth found for this spectral feature shows that it is very likely to be a hydrogen 
recombination line. The best candidate for this new line is the H59a recombination line 
witli a rest frequency of 31223.32 MHz (Lilley & Palmer 1968). This rest frequency gives 
Visr = 71(1) km s-1 for Sgr B2(N) and Visr = 61(1) km s-1 for Sgr B2(M). The Visr and the 
linewidths are comparable to those of HllOa recombination line observed toward this region 
(Mehringer et al. 1993). 
In the spectral window of the 182 - 181 E CH30H transition (see Figure 2c), another 
new unidentified (U) line was detected. With the assumption of Visr = 64 km s-1 , the rest fre-
quency of this U line is 30857.16(10) MHz, and the peak intensity equals 0.28( 4) Jy beam-1 (Tn 
= 2.5(3) K) with .6.v1; 2 (FWHM) = 7.0(1.1) km s-1 . 
4. Summary 
From interferometric observations with the BIMA Array: 
102 
1. The J =18, 19 and 20 of the J2 - J1 E CH30H lines were detected for the first time. 
The rest frequencies from astronomical measurements were found to be in good agreement 
with the predicted frequencies of Xu & Lovas (1997). 
2. A rotational temperature Trot = 170(13) K was determined. Using this temperature, 
the derived total column density of CH30H is Nr(CH30H) = 4.2(6) x 1017 cm-2 , and the 
fractional abundance of CH30H is X(CH30H) ~ 4 x 10-s in the Sgr B2(N-LMH) core. 
These values are probably lower bounds. 
3. CH30H was detected only in the Sgr B2(N-LMH) region. The non-detection of CH30H 
toward Sgr B2(M) further demonstrates the chemical differentiation between Sgr B2(N) and 
Sgr B2(M), which may be a result of different evolutionary stages between the two cores. 
4. The H59a recombination line was detected. The H59a emission is coincident with the 
continuum emission. 
5. A new unidentified line was detected. The rest frequency of this U line is 30857.16(10) MHz. 
We acknowledge support from the Laboratory for Astronomical Imaging at the University 
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Table 1. Parameters of the CH30H transitions observed in Sgr B2(N) 
Transition Derived Rest Beam Size Energy above Linea Integrated Line Column 
Frequency Ground Eu Strength Intensity W Density Nu 
J2 - J1 E (GHz) (arcsec2) (K) (Debye2) (Jy beam-1 km s-1) (1013 cm-2) 
(1) (2) (3) (4) (5) (6) (7) 
132 - 131 E 27.47252(10)b 24.8 x 7.0 233.61 14.2057 9.62(0.58Y 104.1(6.4) 
172-171 E 30.30812(10) 22.7 x 5.7 377.61 17.1961 4.41(0.42) 50.6(4.8) 
182 - 181 E 30.85847(10) 22.4 x 6.5 419.40 17.3339 4.96(0.49) 50.6(5.0) 
192 - 191 E 31.22674(10) 22.3 x 6.4 463.49 17.1684 4.27(0.52) 45.5(5.6) 
I-' 
31.35851(10) 2.35(0.44) 27.1(5.0) 0 202 - 201 E 22.2 x 6.4 509.88 16.7083 O') 
a Adopted from Xu & Lovas 1997 
b Spectral resolution (0.1 MHz) is used for frequency uncertainties. 
c Parenthesized numbers in column 6 and 7 are one standard deviation (a). 
,.--.... 
0 
0 
0 
N 30" 
J 
.......... 
() 
w 
0 23'00" 
a: Sgr 82 31 GHz Continuum 
(N) 
0 (S) 
c: H59cx Recombination 
0 
22• 21 • 20• 191 188 171 22• 21 • 20• 19" 18" 178 
RA (J2000) 
Figure 1: Images of (a) the continuum emission toward Sgr B2 at 31 GHz, (b) the 5-channel 
average of the intensity of the 192 - 191 E CH30H emission line centered at 64 km s-1 , and 
(c) the 5-channel average of the H59a recombination emission centered at 64 km s-1 . The 
contour levels are -0.2, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.6, 2.0, 2.4, 2.8, 3.2, 3.6 and 4.0 Jy beam-1 
in (a), and -0.15, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0 Jy beam-1 in (b) and 
(c). The beam size is 22.3" x 6.4" (P.A.= -1.5°) as shown at the lower left. 
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Figure 2: Line profiles of the lk = 12 - 11 (1=13, 17, 18, 19, 20) E CH30H transitions, 
( 1, K) = (9,9) metastable NH3 absorption line, H59o: recombination line, and the U line. The 
rms noise is typically 70 rv 80 mJy beam-1 (rv 0.7 K) per spectral channel at a resolution 
of rv 1 km s-1 . Spectra are taken at 0:2000 = 17h47ml98 .79, 62000 = -28°22'17".3 in the 
direction of the Sgr B2(N-LMH) core. 
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Figure 3: Frequency differences between observed values and predicted values of CH30H. 
Open Triangles: Predictions of Anderson et al. (1992) subtracted from the Orion KL as-
tronomical measurements of Wilson et al. (1995) (except for J = 9 which uses a measured 
laboratory frequency instead of a predicted frequency). Open Circles: Predictions of Xu 
& Lovas (1997) subtracted from the Orion KL astronomical measurements of Wilson et al. 
Filled Triangles: Predictions of Anderson et al. subtracted from our Sgr B2(N-LMH) as-
tronomical measurements. Filled Circles: Predictions of Xu & Lovas subtracted from our 
Sgr B2(N-LMH) astronomical measurements. 
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Figure 4: A rotation diagram (ln(Nu/9u) versus Eu) for the observed Jk = J2 -J1 (J=13, 
17, 18, 19, 20) E CH30H transitions toward the the Sgr B2(N-LMH) core. 
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Figure 5: Profiles of the H59a recombination lines toward line emission peaks in Sgr B2(N) 
(a2000 = 17h47m20s.19, 62000 = -28°22'11".3) and Sgr B2(M) (a2000 = 17h47m208 .32, 62000 = 
-28°23'3".3). Therms noise is typically 74 mJy beam- 1 (0.66 K) per spectral channel at a 
resolution of 0.94 km s-1 . 
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Appendix D 
Scripts 
Here we included our sample scripts used for 
1. observing with the BIMA Array 
2. reducing uv data by the BIMA Array with MIRIAD 
3. generating spectral data cubes with MIRIAD 
Comments are documented inside the scripts to make them self-explanatory. 
D.1 BIMA Observation Script 
#! /bin/csh -f 
# 
# Observing Script for vinyl cyanide & ethyl cyanide in Sgr B2 
# 
#PI: Sheng-Yuan Liu (UIUC) 
# Email: syliu©astro.uiuc.edu 
# Telephone: 217 333 7957 (office) 
# 217 384 3086 (home) 
# Col: Lew Snyder, David Mehringer 
# 
# # LST range for script 1420-2200 
# 
# Source = Sgr B2(N) 
# RA(2000) = 17:47:19.79 
# DEC(2000) = -28:22:17.3 
# VLSR = +64 km/s 
#Rises at LST = 14:54:56.860 sets at 20:39:17.535 (elev limit 10. Deg) 
# 
# Adjusted pointing to the south of (N) at Dec = -28:22:30 
# in order to pick up the flux from (M) for self cal in A-array 
# # Setups follow ========================================================= 
# 
setup name=tune freq=89.833 iffreq=500 dopsrc=sgrb2ns dopcat=dmehring.cat \ 
obsline=f ormic_acid 
# 
setup name=wide cormode=8 corbw=100,100,100,100 corf=205,400,600,800 
# 
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setup name=narrow cormode=6 corbw=50,100,50,100 \ 
corf=271.0022,590.00244,553.00293,800 \ 
restfqs=86.54618,89,89,89,89,89, \ 
89.57917, 89.90532,89,89.86148,90.16462,90.16462 
# 
setup name=sgb2n setup=narrow source=sgrb2ns,sgra \ 
catalog=dmehring.cat,kuan.cat grid='ns(1,1,1,1,1,1,1,1,-2,-2,-2)' \ 
nreps=1 vis=sgb2n nchan=1 stop=+22 itime=11.5 elevlim=10 
# 
setup name=3c273.n setup=narrow source=3c273 vis=3c273.n \ 
nchan=-1 stop=+20 itime=11.5 elevlim=30 maxobs=1 
# 
setup name=3c273.w setup=wide source=3c273 vis=3c273.w \ 
nchan=-1 stop=+5 itime=11.5 elevlim=30 maxobs=2 
# 
setup name=1733-130 setup=narrow source=1733-130 vis=1733-130 \ 
nchan=-1 stop=+3 itime=11.5 elevlim=10 
# 
set name=quality \ 
# 
# 
m=sgb2n s=m2.sgrb2ns p=3c273.n c=m2.sgra,1733-130,3c273 
# Observing follows ===================================================== 
# 
# email investigators 
set email = syliu©astro.uiuc.edu 
if ($?HATCHK == 0) mailx -s 11 $0 started on 'date' at LST 'lstsymbol' 11 \ 
$email < /dev/null 
# Tune the receivers: 
scan setup='tune' 
# 
# do passband calibrator 
# 
scan setup='(3c273.w,3c273.n,3c273.w)' 
# 
# do source-cal loop 
# 
set numobs='svalue setup=3c273.w,3c273.n,3c273.w' 
set quittime="stop-45 11 
if ($numobs > 2) set quittime= 11 stop 11 
loop srcsetup='sgb2n' calsetup='1733-130' stop= 11 $quittime 11 thresh=5 
# 
# do passband if not done yet 
# 
scan setup='(3c273.w,3c273.n,3c273.w)' 
# 
# End of script ============================================================ 
# 
exit 0 
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D.2 uv Data Reduction Script 
#! /bin/csh -f 
# 06/07/97 by s.y. liu 
# 12/15/97 modified for better filename variable 
#onintr cleanup 
mkdir tmp 
set tmplin=tmp/lin.$$ 
alias prompt 'echo -n 11 $mess > 11 ;set ans=$<; \ 
if ( 11 $ans 11 == 1111 ) set ans= 11 $dflt 11 ' 
set device=$! 
if ( $device == 1111 ) set device=/xw 
clear 
echo 11 List of files in the current directory 11 
ls 
echo 11 Input file names · 11 
set dflt= 1111 
set mess= "Source file : 11 ;prompt 
set f 1 = $ans 
set mess= "Phase-calibrator file 11 ;prompt 
set f 2 = $ans 
set mess= "Flux-calibrator file ";prompt 
set f 3 = $ans 
set mess= "Wideband-calibrator file : 11 ;prornpt 
set f4 = $ans 
set mess= "Narrowband- calibrator file : 11 ;prompt 
set f 5 = $ans 
start: 
goto log 
log: 
echo 11 Generating Observing Log" 
listobs in=$f1,$f2,$f3,$f4,$f5 log=obs.log 
more obs.log 
inspection: 
echo "Inspect narrowband data for determining correlation interval 11 
set mess= "Press Enter to proceed 11 ;prompt 
clear 
uvplt vis=$f5 axis=time,amp line=wide,1,1 device=/xw 
uvplt vis=$f5 axis=time,amp line=wide,1,2 device=/xw 
uvplt vis=$f5 axis=time,phase line=wide,1,1 device=/xw 
uvplt vis=$f5 axis=time,phase line=wide,1,2 device=/xw 
echo "Inspect phbase calibration data for determining bad time interval 11 
set mess= "Press Enter to proceed 11 ;prompt 
clear 
uvplt vis=$f2 axis=time,amp line=wide,1,1 device=/xw 
uvplt vis=$f2 axis=time,amp line=wide,1,2 device=/xw 
uvplt vis=$f2 axis=time,phase line=wide,1,1 device=/xw 
uvplt vis=$f2 axis=time,phase line=wide,1,2 device=/xw 
echo "Inspect source data" 
set mess= "Press Enter to proceed 11 ;prompt 
clear 
uvplt vis=$f1 axis=time,amp line=wide,1,1 device=/xw 
uvplt vis=$f1 axis=time,amp line=wide,1,2 device=/xw 
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uvplt vis=$f1 axis=time,phase line=wide,1,1 device=/xw 
uvplt vis=$f1 axis=time,phase line=wide,1,2 device=/xw 
inp: 
echo "Input reference antenna" 
set mess = "Reference antenna 
set ant = $ans 
echo "Input Flux Calibrator" 
";prompt 
set mess= "Flux calibrator : ";prompt 
set f luxc = $ans 
echo "Input Calibration interval" 
set mess= "Calibration interval ";prompt 
set intvl = $ans 
goto linecal 
linecal: 
echo "GOTO LINECAL PROCEDURE" 
set mess= "Press Enter to proceed";prompt 
clear 
linecal vis=$f 1 out=$tmplin 
gpplt vis=$tmplin yaxis=phase device=/xw 
rm -r $tmplin 
linecal vis=$f 2 out=$tmplin 
gpplt vis=$tmplin yaxis=phase device=/xw 
rm -r $tmplin 
linecal vis=$f 3 out=$tmplin 
gpplt vis=$tmplin yaxis=phase device=/xw 
rm -r $tmplin 
linecal vis=$f4 out=$tmplin 
gpplt vis=$tmplin yaxis=phase device=/xw 
rm -r $tmplin 
linecal vis=$f 5 out=$tmplin 
gpplt vis=$tmplin yaxis=phase device=/xw 
rm -r $tmplin 
set dflt = y ; set mess= "Apply linecal? [Y]/N";prompt 
if ( $ans ! = "y" ) goto cat1 
linecal vis=$f 1 
linecal vis=$f 2 
linecal vis=$f 3 
linecal vis=$f4 
linecal vis=$f 5 
cat1: 
uvcat vis=$f1 out=$f1.lc 
uvcat vis=$f2 out=$f2.lc 
uvcat vis=$f3 out=$f3.lc 
uvcat vis=$f4 out=$f4.lc 
uvcat vis=$f5 out=$f5.lc 
flagging: 
echo "GOTO FLAGGING PROCEDURE" 
set mess= "Press Enter to procceed";prompt 
clear 
uvflag vis=$f1.lc,$f2.lc,$f3.lc,$f4.lc,$f5.lc \ 
flagval=flag edge=2,2 
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uvflag vis=$f1.lc,$f2.lc,$f3.lc,$f4.lc,$f5.lc \ 
flagval=flag select=shadow'(6.1)' 
tvflag: 
set mess= "Please launch xmtv; Press Enter to proceed tvflag";prompt 
set mess = "Input xmtv server host name and domain \ 
(name.domain.uiuc.edu)"; prompt 
set serv = $ans 
clear 
tvflag vis=$f1.lc server=xmtv©$serv.uiuc.edu 
tvflag vis=$f2.lc server=xmtv©$serv.uiuc.edu 
tvflag vis=$f3.lc server=xmtv©$serv.uiuc.edu 
tvflag vis=$f4.lc server=xmtv©$serv.uiuc.edu 
tvflag vis=$f5.lc server=xmtv©$serv.uiuc.edu 
wide: 
echo "GENERATE NEW WIDEBAND DATA" 
set mess = "Press Enter to proceed";prompt 
uvwide vis=$f1.lc out=$f1.ok 
uvwide vis=$f2.lc out=$f2.ok 
uvwide vis=$f3.lc out=$f3.ok 
uvwide vis=$f4.lc out=$f4.ok 
uvwide vis=$f5.lc out=$f5.ok 
fluxcal: 
echo "FLUX CALIBRATION" 
set mess = "Press Enter to proceed";prompt 
clear 
echo "start lower sideband" 
cp -r $f3.ok $f3.oklo 
cp -r $f2.ok $f2.oklo 
selfcal vis=$f3.oklo options=phase,apriori refant=$ant \ 
interval=$intvl line=wide,1,1 
selfcal vis=$f2.oklo options=phase refant=$ant line=wide,1,1 \ 
interval=$intvl 
bootflux vis=$f3.oklo,$f2.oklo primary=$fluxc line=wide,1,1 \ 
log=fluxlo.log taver=$intvl 
echo "start upper sideband" 
cp -r $f3.ok $f3.okup 
cp -r $f2.ok $f2.okup 
selfcal vis=$f3.okup options=phase,apriori refant=$ant \ 
interval=$intvl line=wide,1,2 
selfcal vis=$f2.okup options=phase refant=$ant line=wide,1,2 \ 
interval=$intvl 
bootflux vis=$f3.okup,$f2.okup primary=$fluxc line=wide,1,2 \ 
log=fluxup.log taver=$intvl 
touch flux.log 
cat fluxlo.log 
cat fluxlo.log 
cat fluxup.log 
cat fluxup.log 
phasecal: 
grep 
grep 
grep 
grep 
Scaler 
Vector 
Scaler 
Vector 
>> flux.log 
>> flux.log 
>> flux.log 
>> flux.log 
echo 11 G-ROUNTINE: PHASE CALIBRATION" 
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set mess= "Press Enter to proceed";prompt 
clear 
set dflt= 1111 
set mess= "Phase calibrator name ";prompt 
set peal = $ans 
set mess = "Phase calibrator flux ";prompt 
set flux = $ans 
gmake: 
gmake vis=$f2.ok line=wide,2,1 refant=$ant interval=$intvl \ 
fluxes=$pcal,$flux options=apriori,amp,noscale out=gmake.out 
gfiddle: 
gfiddle vis=gmake.out device=/xw out=gfiddle.out 
gapply vis=$f2.ok gvis=gfiddle.out out=cal.out 
uvplt vis=cal.out device=/xw line=wide,1,1 axis=uvd,amp options=nobase 
uvplt vis=cal.out device=/xw line=wide,1,1 axis=uvd,phase options=nobase 
uvplt vis=cal.out device=/xw line=wide,1,2 axis=uvd,amp options=nobase 
uvplt vis=cal.out device=/xw line=wide,1,2 axis=uvd,phase options=nobase 
set mess= "Press Enter to apply gain to source data 11 ;prompt 
gapply vis=$f1.ok gvis=gfiddle.out out=gapply.out 
passbandcal: 
echo "P-ROUNTINE: PASSBAND CALIBRATION" 
set mess= "Press Enter to procceed";prompt 
clear 
set mess= "Inspect wide-narrow-wide data. Press Enter";prompt 
uvplt vis=$f4.ok,$f5.ok line=wide,1,1 device=/xw 
uvplt vis=$f4.ok,$f5.ok line=wide,1,2 device=/xw 
uvplt vis=$f4.ok,$f5.ok line=wide,1,1 axis=time,phase device=/xw 
uvplt vis=$f4.ok,$f5.ok line=wide,1,2 axis=time,phase device=/xw 
gmake vis=$f5.ok line=wide,2,1 refant=$ant interval=$intvl \ 
options=phase out=pmake.out 
pfiddle: 
gfiddle vis=pmake.out device=/xw out=pfiddle.out 
gapply vis=$f5.ok gvis=pfiddle.out out=pcal.out 
rm -r passcal 
uvgains vis=pcal.out out=passcal interval=$intvl \ 
options=polyfit,window device=/xw npoly=1,1 
rm -r peal.pc 
cp -r peal.out peal.pc 
gpcopy vis=passcal out=pcal.pc 
uvspec vis=passcal device=/xw 
uvspec vis=pcal.out device=/xw 
uvspec vis=pcal.pc device=/xw 
cp -r gapply.out gapply.tmp 
mode= copy 
interval=100000 
interval=100000 
interval=100000 
gpcopy vis=passcal out=gapply.tmp mode=copy 
uvwide vis=gapply.tmp out=$f1.gpok 
rm -r gapply.tmp 
rm -r tmp 
exit 
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options=avall 
options=avall 
options=avall 
D.3 Mapping Script 
#! /bin/csh -f 
alias prompt 'echo -n "$mess > ";set ans=$<; \ 
if ("$ans" == 1111 ) set ans= 11 $dflt 11 ' 
set dflt= 1111 
echo "making continuum map with this window" 
#set default clear region 
set cregion="relpix, \ 
polygon(-20,-40,45,-40,45,20,75,20,75,50,-30,50,-30,40,-20,40), \ 
box(-80,-60,10,-40) 11 
# window selection input: 
set dflt= 1111 
set mess = "mapping window?";prompt 
if ( ans == 1111 ) goto input 
set win = $ans 
set startchnl = 'echo 11 ( $win - 1 ) * 128 + 311 I be -1' 
echo $startchnl 
#set win = 0 
#set startchnl = 1 
# make integrated dirty map 
invert vis=data map=w$win\c.mp beam=w$win\c.bm imsize=256 cell=1 \ 
line=channel,1,$startchnl,124 options=systemp,double robust=0.5 
cgdisp in=w$win\c.bm type=c slev=p,10 levs1=-3,-2,-1,1,2,3,4,5,6,7,8,9 \ 
device=/xw options=full 
cgdisp in=w$win\c.mp type=c slev=p,10 levs1=-3,-2,-1,1,2,3,4,5,6,7,8,9 \ 
device=/xw options=full 
set dflt = "relpix,box(-100,-100,-50,100) 11 
set sregion1 = $dflt 
set mess= 11 first stat region [default=$dflt] 11 ;prompt 
if ( $ans != 1111 ) set sregion1 = $ans 
set dflt = "relpix,box(-100,-100,100,-50) 11 
set sregion2 = $dflt 
set mess= 11 second stat region [default=$dflt] 11 ;prompt 
if ( $ans != 1111 ) set sregion2 = $ans 
# rms estimate 
imlist in=w$win\c.mp region=$sregion1 options=stat 
imlist in=w$win\c.mp region=$sregion2 options=stat 
# make clean map 
clean1: 
set mess= 11 cutoff? 11 ;prompt 
set cutoff = $ans 
set dflt = $cregion 
set mess = "clean region?[default=$dflt]";prompt 
if ( $ans != 1111 ) set cregion = $ans 
clean map=w$win\c.mp beam=w$win\c.bm out=w$win\c.cl cutoff=$cutoff \ 
niters=10000 region=$cregion 
# make restored map and residual map 
restor map=w$win\c.mp beam=w$win\c.bm model=w$win\c.cl out=w$win\c.re 
restor map=w$win\c.mp beam=w$win\c.bm model=w$win\c.cl out=w$win\c.rs \ 
mode=res 
restor beam=w$win\c.bm model=w$win\c.cl out=w$win\c.cv mode=conv 
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imlist in=w$win\c.re region=$sregion1 options=stat 
imlist in=w$win\c.re region=$sregion2 options=stat 
imlist in=w$win\c.rs options=stat 
cgdisp in=w$win\c.cv type=c device=/xw options=full 
cgdisp in=w$win\c.rs,w$win\c.rs type=p,c device=/xw options=full 
cgdisp in=w$win\c.re type=c device=/xw options=full 
set dflt= 11 y 11 
set mess= "remake clean map? Y/[N]";prompt 
if ( $ans == "n" ) goto display 
rm -r w$win\c.cl w$win\c.re w$win\c.rs w$win\c.cv 
goto clean! 
# display final integrated map 
display: 
cgdisp in=w$win\c.re type=c device=/xw options=full 
cgcurs in=w$win\c.re type=c device=/xw options=cursor 
# making channel map 
echo "making line-cube with this window" 
invert vis=data map=w$win\l.mp beam=w$win\l.bm imsize=256 cell=! \ 
line=channel,124,$startchnl,1,1 options=systemp,double \ 
robust=0.5 slop=0.5,inter 
imstat in=w$win\l.mp region=$sregion1 device=/xw 
imstat in=w$win\l.mp region=$sregion2 device=/xw 
clean2: 
set mess= "cutoff?";prompt 
set cutoff = $ans 
set dflt = $cregion 
set mess= "clean region?[default=$dflt]";prompt 
if ( $ans != 1111 ) set cregion = $ans 
clean map=w$win\l.mp beam=w$win\l.bm out=w$win\l.cl cutoff=$cutoff \ 
niters=10000 region=$cregion 
restor map=w$win\l.mp beam=w$win\l.bm model=w$win\l.cl out=w$win\l.re 
restor map=w$win\l.mp beam=w$win\l.bm model=w$win\l.cl out=w$win\l.rs \ 
mode=res 
restor beam=w$win\l.bm model=w$win\l.cl out=w$win\l.cv mode=conv 
imstat in=w$win\l.re region=$sregion1 device=/xw 
imstat in=w$win\l.re region=$sregion2 device=/xw 
imlist in=w$win\l.rs options=stat 
set dflt="y" 
set mess= "remake clean map? Y/[N]";prompt 
if ( $ans == "n" ) goto spec 
rm -r w$win\l.cl w$win\l.re 
goto clean2 
# take the spectrum 
spec: 
set dflt= 1111 
set mess = "spectrum region?";prompt 
set cregion = $ans 
if ( $cregion == 1111 ) goto mom 
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imspec in=w$win\l.re device=/xw region=$cregion 
goto spec 
# make moment map 
mom: 
set dflt="" 
set mess= "moment map range?";prompt 
set cregion = $ans 
if ( $cregion == 1111 ) set cregion="image(1,124) 11 
moment in=w$win\l.re out=w$win\l.mom mom=-1 region=$cregion 
cgdisp in=w$win\l.mom type=c device=/xw options=full 
cgcurs in=w$win\l.mom type=c device=/xw options=cursor 
# cleanup 
end: 
rm -r *.rs *.cv 
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